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CHAPTER 1: INTRODUCTION. OBJECTIVES OF THE THESIS.

1.1 Introduction

The process of high pressure die casting (HPDC) is one of the most productive
processes in the field of light alloys as aluminium and magnesium. Thin profiles,
complex geometries, high load capacities and concepts of lightweight construction are
good arguments for this kind of production. The very good ratio between the properties
and weight of aluminium has permitted the use of aluminium in a large number of
applications in near all the sectors, especially in construction, transport and energy.
About 70% of total aluminium castings are produced by high pressure die casting.

As the pure aluminium has low mechanical properties and is not possible to be die
casted because its tendency to get stuck in the die, it's alloyed by the addition of
elements such as Si, Cu, Fe and Zn. The most common alloy in our days for HPDC is
the Al Si9 Cu3 Fel, which shows a very good mechanical and flow properties, with low
tendency to get stuck. Many alloys have been developed in order to increase some
properties, by limiting or increasing the percentage of same elements as Mn, Cr, Ni,
and Fe. Each component has an effect to improve or decrease alloy properties.

The present work is based on the study of the Al Si9 Cu3 Fel alloyed with
nanoparticles. Samples of two different reinforcement nanoparticles (Al,Os; and TiB,)
has been made in a high pressure die casting machine, in which the metal is casted
into a metallic die under big speeds and pressures. It's also very important to
determinate the possibility to employ nanoparticles as refining and reinforcement
agents of Al Si9 Cu3 Fel, due to the lack of general industrial employment and the
difficulties to develop a specific grain refiner for Al Si9 Cu3 Fel alloys. Also because
the addition of very little particles has been related to increase mechanical properties
[Egi 07]. In the case of the TiB,, if the measure of the added particles is less than 2 pm,
the average grain size of the alloy is strongly reduced [Que 04-02], increasing the
mechanical properties of the aluminium up to a 14.7% in UTS and a Elongation of 5.5%
[Han 02].

The election of the reinforced alloys have been designed to overcome the new designs
of aluminium cast parts, including better mechanical properties at higher temperatures
(up to 200°C) and higher service pressures (up to 400 bar), with lowers total weights
due to the reduction of the width of parts. The percentage of particles is very low (less
than 1%), due to the processing difficulties to obtain high concentrations. The particle
size is from 15 to 40 nanometers in alumina powders and around 200 nanometers in
the titanium diboride. In order to get this very small titanium diboride, we have bought
TiB, powders with a particle seizure of mesh 325, and an analogue material made at
Tecnalia by dry ball milling of SHS TiB,.
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The work has been carried out in the frame of a project partially funded in the frame of
the research project “Desarrollo de aleaciones de alto contenido en hierro de Al Si9
Cus3 reforzadas”, funded by CDTI and MICIIN (IAP-560300-2008-54) and the Basque
government (IT-2009/0000192), and the research project “Desarrollo de nuevos
productos de alta tecnologia para el aleado del aluminio”, funded by CDTI and MITYC
(IAP-560300-2008-6) and the Basque government (IT-2008/0000348).

1.2 Objectives

The main objective of the work is to study the influence of TiB, and Al,O; nano-
particles (up to 1 wt. %) on the properties and physical features of aluminium casting
alloys processed through an under pressure process known as high pressure die
casting.

One base alloy was selected for the study, the AI-Si9Cu3Fel alloy, an Al-Si alloy
containing around 9 wt. % of Silicon and the 3 wt. % of Copper. It's extensively used in
casting applications due to its excellent castability, good balance of properties and its
large use in the industry (more than 70% of total HPDC aluminium casted parts). The
main tasks of the work have been the selection of two reinforced nano-materials, the
preparation of the nanosize TiB, from SHS bricks and mesh 325 powders, the
homogeneous distribution of the particles in the matrix, the production of castings via
DC and HPDC for characterization purposes, the physical, thermal and mechanical
characterization, the comparison of their properties with those of the corresponding
unreinforced alloy, and the analysis of the differences between the reinforced and
unreinforced alloys.

1.2.1 Analysis of the influence of the TiB  , and Al ,O3; nano-particles on the
solidification and microstructure of the Al Si9 Cu3 Fel alloy

TiB, particles have a great influence in the solidification and in the obtained
microstructure of the aluminium alloys. Normally it's added to liquid aluminium in rods
containing a 3-5% of Titanium and a 1% of boron. The amount of refining rod changes
with the alloy, being about the 0.3 — 0.6 wt. % for the Al Si9 Cu3 Fel alloy. In this
master alloy, TiB, particles are over the nanoscale.

TiB, particles are practicable insoluble in aluminium, due to the low wetting angle
between the TiB, and the aluminium. Employing the differential thermal analysis (DTA),
we can observe that they change the solidification curve of the alloy, with an earlier
start of the solidification due to the decrease of the undercooling temperature, reducing
the solidification time [Egi 07].

Page 3 of 157




Influence of Alumina (Al,O5) and Titanium Diboride (TiB,) nanoparticles on the microstructure

and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 1: INTRODUCTION. OBJECTIVES OF THE THESIS.

In this type of alloys, it's remarkable the poisoning effect and the decrease of the
refining action with time, argumented by the settle down of particles bigger than 2-5
microns. As the particles are practically insoluble in the liquid aluminium, the particles
that don’t became a nucleation site trend to get pushed from the solidification front to
the grain boundaries. The addition of grain refiners in the Al Si9 Cu3 Fel as Al Ti5 B1,
Al Ti3 B1 and Al Ti C have been reported [Boo 02] to decrease the internal porosity,
with an average lower porosity size and with a better distribution of porosity in the part.

The reinforced and refined alloys studied in this work have been charged with different
percentages, from 0.001% to around 1 wt. % of nano-particles. This amount exceeds
the level necessary for grain refining in same cases, but it's to determinate, as one part
of the work, the refining effect at low concentrations (percentage of 0.15% of Ti at least
in commercial refining rods), in order to get the crystallization of AlsTi around the TiB,
particles [Bac74]. It has been impossible by the moment to increase this percentage up
to the 5% or 10%, because increasing the percentage of nano-particles promotes dross
formation. The aim was to test if the nano-particles improved the properties of the
alloys following the patterns shown by other particle reinforced aluminium matrix
composites (AMC) or if they have a special behavior. At the same time, the increase of
the amount of particles has an influence on other features of the alloys such as the
solidification pattern, microstructure and thermal properties. All of these aspects have
been studied in the present work.

AlL,O3 particles have traditionally in situ studied as non desirable particles in the alloys,
been related to the formation of oxides and their related problems as hard points,
corrosion problems and failures in parts. Even though the main effect of the presence
of AlL,O3; particles into aluminium alloys is the reinforcement of the aluminium alloy,
there are other additional microstructural changes that can also be explained by the
presence of these Al,O; particles. Al,O3; particles promote also the refinement of the
grain size, and the particles that don't participate in nucleation events tend to be
pushed by the solidification front and lie at grain boundaries. Porosity of the samples
decreases. The average size of the pores is smaller and the remaining porosity is more
evenly distributed through the addition of grain refiners. Al,O3 particles are substantially
insoluble in aluminium with high contact angles [She 05] and they change the
solidification characteristics of the alloy. Solidification events start earlier due to the
lower undercooling required and solidification time is reduced.
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The solidification curves of the reinforced and unreinforced materials have been
studied and the effect of the presence of nano-particles on the main solidification
parameters, such as the maximum temperature of primary a-Aluminium growth,
temperature and time difference between the maximum and minimum of the liquidus
recalescence determined. TP1 grain refining normalized essays have been developed
in order to determinate the ASTM grain size and the microstructure of the aluminium.
Also, we have done tests in order to have a comparison with the Al Ti5 B1 standard
refining master alloy, because it's the more employed aluminium grain refiner in the
industry. The microstructure and composition of the reinforced alloys has been
thoroughly studied through Optical Microscopy, Scanning Electronic Microscopy
(SEM), Transmission Electronic Microscopy (TEM) and Atomic Force microscopy
(AFM). Image analysis and the identification of the elements of the different phases
have also been carried out in order to study the influence of the presence of the TiB,
and Al,O3; nano particles on the microstructure of the alloy. The main objective of the
microstructural analysis was to analyze the interaction of TiB, and Al,O3 particles with
the matrices (See Chapter 4 on Solidification and Microstructure).

Better properties related to the decrease in the grain size, reinforcement of the alloy
and the decrease of porosity permit to expect a good behavior of nano-particles at very
low particle concentration.

1.2.2 Analysis of the influence of the Al ,03 and TiB , nano-particles on the
mechanical and thermal properties of the Al-Si9 Cu3 Fe 1 alloy.

The thermal and mechanical characterization has been carried out with samples
obtained with the DC and HPDC process. The production route was previously
optimized in order to obtain sound samples with a correct and homogeneous
distribution of TiB, and Al,O3 particles. The mechanical characterization has consisted
on tensile tests at room temperature and at 200°C. Cast samples have been tested and
results have been compared to those obtained with the corresponding unreinforced
materials. The obtained samples have not being thermally treated, due to the difficulty
of treating HPDC samples with entrapped air. Thermal conductivity has been
determinate in the reinforced alloys and compared with the base alloy.

The experimental results have been compared with the models employed for
calculating mechanical and thermal properties of materials reinforced with ceramic
particles and to check the expected improvement in the alloy properties.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Aluminium is the third most abundant element, after oxygen and silicon, and the most
abundant metal in the Earth's crust. As is very reactive, Aluminium is not in nature as a
free metal. The chief source of aluminium is the bauxite ore (an aluminium oxide). It
begins its extraction in the XVIII century, but it was industrialized thanks to the Sainte-
Claire Deville and Hall — Héroult methods in the second part of the XIX century.

It's very interesting for many applications because it depends on the alloy it has low
density, excellent corrosion resistance, is ductile and malleable, with a good finish
surface. It is no magnetic and no sparking, with a very good conductivity of electricity
and heat. Corrosion resistance can be excellent due to a thin surface layer that
prevents further oxidation. The corrosion resistance is reduced when is alloyed with
copper, where salts are present, and in the presence of dissimilar metals. Aluminium
has approximately one-third the density and properties of steel. It can be machined,
cast, drawn and extruded. It can be also recycled with little energy consumption.
However, the pure aluminium has low mechanical properties. The yield strength (YS) of
pure aluminium is about 7 to 11 MPa, commercially pure aluminium has a YS of about
70 Mpa, and aluminium alloys have YS ranging up to 600 MPa. The additions of
alloying elements allowed aluminium to become a very competitive material in many
fields due to the different properties that can be performed in function of the
composition of the alloy. The industrial application of aluminium is wide, from
packaging to transport, including other areas as electricity and electronics.

The alloying elements can develop three main roles: 1) As basic alloying elements, 2)
as ancillary additions (dopants) or 3) as impurities. The four more employed elements
are silicon, copper, zinc and magnesium. They are several elements employed in same
alloys, as Mn, Ti, Cr, Ni, Sn and Sr. Silicon enhances castability and tensile properties,
Copper strengthens the alloy, Zinc increase machinability and Magnesium increase the
mechanical properties after thermal treatments. Manganese modifies the B-iron
intermetallic to a skeleton structure, Titanium refines the grain and the Strontium
modifies the eutectic structure. They are also inoculants that can modify the
microstructure of aluminium, by reducing the grain size (TiB,, TiC) or modifying the
eutectic structure (Sr, Na, P). Mechanical properties can be increased and porosity can
be reduced, giving alloys with improved mechanical and more stable properties.
Normally the percentage of addition of those particles is less than 1wt.%. The use of
refining elements has been developed over the last sixty years. The refining effect of
master alloys, as the more employed Al Ti5 B1, provide the increase of mechanical
properties, grains are more equiaxed and they are more uniformly distributed and
smaller, decreasing porosity and as a consecuence it's harmful effect.
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Another way of increasing the mechanical properties of aluminium are metal matrix
composites (MMCs). They are fabricated by additioning ceramic components to the
aluminium alloy, increasing the properties that can be obtained by combination of
different alloying elements. They are many types of sizes (from nano to millimeters),
shapes (particulates, fibers, pre-forms...) and materials (Al,O3, SiC, B,4C, TiB,...) that
are employed as reinforcements. They are very interesting because of the possibility of
tailoring different properties in different locations of a part. The reinforcement volume,
composition, size, type and way of producing permits the development of parts with
application in the aeronautics, electronics and transport industry. Metal nanoparticles
are being investigated for several applications, due to the new properties obtained in
the nano-reinforced materials:

» Health protection: Silver (antibacterial) and other noble metals.

« Magnetic applications: Iron based alloys to reduce loses in energy transmission,
due to small size of the grains compared to the magnetic domain size and also
by interface effects on magnetic properties.

« Structural applications: Light metals with superior mechanical properties: Al and
Mg alloys, Ti and Ti alloys with a radical improvement of various kinds of
mechanical properties, caused by a change in their deformation mechanism
comparing to conventional materials.

« Coatings: Radically improved tribological properties, higher wear resistance,
less friction, better corrosion resistance, sustainable production process, etc.
The improved properties are connected with the uniformity of the micro-
structure.

* Hydrogen storage: Mg and its alloys. Properties are connected with high
diffusion rates for hydrogen, and increased solubility limits in the nanoscale
material.

The most rapid increase of patents concerns nano-powders, mainly of noble metals, as
well as aluminium. Powders are suspended in a fluid or another material. In this case,
the most important property is the high contribution of surfaces of the particle to the
properties or function of the material they are embedded in. This results in a high
material activity, which could be used as catalyst or as source of ions for antibacterial
properties, etc. The second rapidly developing field concerns light metals with
improved mechanical properties. Here the specific mechanical properties of
nanostructure materials are concerned: High strength combined by special processing
methods with ductility, high fatigue limits, elevated temperature strength, corrosion or
wear resistance, etc.
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In the case of the nano-ceramics, nhanocrystalline materials exhibit increased
strength/hardness, enhanced diffusivity, improved ductility/toughness, reduced density,
reduced elastic modulus, increased electrical resistance, increased specific heat,
optimized thermal expansion coefficient, lower thermal conductivity, and finally superior
soft magnetic properties in comparison to conventional coarse grained materials. Since
nanocrystalline materials contain a very large fraction of atoms at its surface, the
numerous interfaces provide a high density of short-circuit diffusion paths. The
enhanced diffusivity can have a significant effect on mechanical properties such as
creep and superplasticity, and ability to efficiently dope nanocrystalline materials with
impurities at relatively low temperatures. The increased diffusivity leads to increased
solid solubility limits and increased sinterability of nanocrystalline powders [Loe 01].

It's expected to increase the properties of aluminium alloys due to 1) the introduction of
nano-particles, and 2) to the high surface area in comparison with the weight of
particles.

The materials (TiB, and Al,O3) that have being chosen for the study have application
as reinforcement of aluminium alloys, because they don’t react with the molten
aluminium and because they can be introduced in the alloy by in situ and ex-situ
processes. TiB, and Al,O; nanoparticles are always added in small concentrations to
avoid problems in the filing of the moulds, due to the increased viscosity of the
resultant MMC. In this chapter, a review of the main properties of TiB, and Al,O3, as
well as a description of them use in the aluminium industry as grain refiner and as
reinforcement for MMCs are described.

2.2 High pressure die casting process

In high pressure die casting [Bro 99], usually known as pressure die casting, molten
alloy is injected under pressure into a highly accurate split metal mould. It is the most
widely used casting process for aluminium alloys. Production rates are fast, process
can be highly automated, and dimensional accuracy and surface finish are excellent.
Thin-walled components are possible and little or no machining is needed on the cast
component, since holes, grooves and recesses can be finish cast. Doehler was among
the first to patent die casting-related technology in 1910 [Que 04-02]. The initial
machines produced aluminium castings in reusable metal moulds, where a manually
powered pull bar transmitted the force required to fill the mould. In 1927, the horizontal
cold chamber die casting machine was developed, which represents the basis of
today’s technology.
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The transportation industry, and in particular the automotive industry, is imposed to
seek light materials in the development of robust parts. The global production of
aluminium and magnesium alloys has therefore increased, and the consumption of
aluminium concurrently exceeds the existing production capacity of primary metal.

It's therefore necessary to exploit, or invent, economically sustainable processes that
can give light weight products with integrated functions that fulfil the requirements for
recycling and fuel consumption regulations. High pressure die casting (HPDC) is a
method well suited for those demands. HPDC is a fully automatic, large volume, high
productivity process for the production of complex, thin walled near net shape castings,
with part weights ranging from a few grams to more than 25 kg. It has traditionally been
utilised in the production of housing or not complicated parts, but this has changed.
Presently, feasible products are automotive front end structures and instrument panels
in magnesium alloys and B-pillars in aluminium alloys. However, for HPDC to be
competitive for extended automotive applications and attractive for new market
segments, the crash worthiness and fatigue properties must be improved and a
scientific comprehension of the process and metal behaviour is required.

The four principal metals, with different alloy compositions, that are commonly hot or cold
chamber die cast are aluminium, zinc, magnesium and copper-base alloys. The injection
system in the hot chamber machines is immersed into the melt and the pressure is
therefore limited. The system also degrades quickly if exposed to aluminium. In the cold
chamber process, the metal reservoir is separated from the injection system. The metal is
filled into a steel shot sleeve, as shown in Fig. 2.1. The shot sleeve is typically 200-300°C.

Fix die

Injected part

Shoot sleeve Pouring hole

Mobile die |

—

Plunger

Fig.2.1: Illustration of cold chamber high pressure die casting.
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A production cycle in HPDC consists on:

1) Pouring of metal into the shot sleeve;
2) Plunger movement.
3) Rapid die filling.

4) High hydraulic pressure during solidification by the plunger to feed the solidification
shrinkage.

5) The die is opened.
6) The casting is ejected.

The hydraulic energy is provided by a computerized system that permits control metal
position, velocity and plunger acceleration to optimize the flow and the pressure during
filling and solidification. The specific pressure applied in the die cavity variates normally
from 600 t01200 Bar. Die cavity air may be evacuated to reduce air entrapment during die
filling, and high integrity die castings can therefore be produced by utilizing vacuum
systems. Alternatively semi-solid metalworking (SSM) can be used to reduce turbulence. A
short die filling time and thin walls results in high cooling rates (Typically 100 to 1000°C.s’
1).This promotes a fine grain size which provides decent mechanical properties. However,
the properties can be improved by intimate interrelationship between product and process
design through amended metal handling, accurate process control, and optimized runner
and die design.

The capacity of the injection system is described by the so called P-Q? diagram which is
supplied with the HPDC machine. It has been deduced that the pressure, P, is proportional
to the square of the flow rate, Q. The working conditions are determined from the
intersection of the die line with the machine line in the P-Q? diagram. Furthermore, suitable
timing, good dimensional stability and correct assessment of the fluid and heat flow are
prerequisites for better castings. Cycle times depend on size and section thickness of the
component, being typically 40 shots per hour for a component of 5 kg. Machines are
described by their “locking force”, which determines the cross-sectional area of the casting
which can be made, which is in turn related to the overall size and weight of casting.
Machines can have locking forces from 100 to over 4000 tonnes. Dies are expensive but
can have a life of more than 100000 shots.
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This process is therefore most suitable for long runs of castings. One drawback of the
process is that almost inevitably some air is trapped in the die with the liquid metal, so that
the casting contains gas porosity, although it is frequently internal, so that the component
may be leak-tight. The presence of internal gas prevents subsequent heat treatment (the
residual gas expands and distorts the casting) and also places a limit on the mechanical
properties attained by the casting, as we can see in Fig. 2.2. In artificial ageing
temperaratures of 150°C, blistering appears. For this reason, the process has mainly been
used for castings which do not require the highest strength. Another disadvantage is that
standard sand cores cannot be used, since the high pressure liquid metal would penetrate
the core. Coring is thus limited to straight “draws” which can be formed with retractable
steel “pulls”.

Casting

Casting — -

O O I O/Gas porosity
Gas porosity %) % Blister

Heat

Fig.2.2: Blistering process with entrapped gas poro sity.

Apparently minor factors such as amount of lubrication, its composition and application
procedures can turn out to be very important for the final casting characteristics. Whilst
several process parameters can affect the properties of the castings, the alloy itself is
important. The alloy characteristics must fulfil the necessary requirements in castability
which involves i.e. higher fluidity, good feeding and low hot tearing tendency. The most
common HPDC aluminium alloy is the A380 (AISi9Cu3) alloy, but a generally more utilized
foundry alloy for other casting processes is the A356 Al-Si alloy which has good fluidity.

One of the main features of recent researches have been the development of special
machines and processes which improve the hydraulic integrity and mechanical properties
of pressure die cast components.

In our case, we have chosen HPDC process because as we have seen it's possible to
incorporate the process in the industry with low modifications employing the liquid
route, and providing an economical viable process with enough quality.
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2.2.1  Aluminium alloys.

As the pure aluminium has low mechanical properties, they have been developed
many different aluminium alloys, by the addition of several different elements to give
different properties to pure aluminium. They are also several ways of classifying the
Aluminium alloys. One is by separating casting and forging alloys. Another is by the
nature of the alloying elements, where they are classified by the main alloying element
in the wrought aluminium alloys.

The most employed classification for wrought alloys is a four digits classification, where
the first of the four digits in the designation indicates the alloy group as follows in Table
2.1.:

Alloying elements Designation
Aluminium, 99.00 percent and greater 1xxx

Aluminium alloys grouped by major alloying elements:

Copper 2XXX
Manganese 3XXX
Silicon AXXX
Magnesium 5XxX
Magnesium and Silicon BXXX
Zinc TXXX
Other elements 8xxx
Unused series 9XXX

Table 2.1: Aluminium Wrought Alloys Classification.
2.2.2  Aluminium based die casting alloys

Between the different aluminium alloys, the Al-Si-Cu family is the most employed in
HPDC (near a 90% of total), with a composition of 7-12% Si, 0,7-2% Fe, 0-4% Cu and
lot of elements that have a great influence in the properties of the alloy. Some new
alloys (Silafont, Magsimal...) are employed for special applications.
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2.2.2.1 Aluminium-Silicon-Copper alloys

They have an excellent castability, fluidity and corrosion resistance. Silicon gives good
castability, copper strengthening and machinability, and iron percentage must be
enough to avoid die soldering. They have low density (2.76 g/cm®). Machinability is
good, corrosion resistance fair, good anti-soldering, fair polishing and anodizing
appearance with good pressure tightness.

As they include a percentage of iron >0.7% they are ideal for HPDC, decreasing the
soldering effect and primary melting metals are not necessary, so they are produced by
recycling aluminium scraps. The high percentage of silicon, near to the eutectic point
(12.6 wt.% of Si), gives an excellent fluidity and castability, making possible to create
very complex parts with very small cast walls (up to 0.5 mm approximately) and
reducing the solidification temperature from 660°C to about 577°C.

Changing the rest of elements of the alloy, it's possible to increase properties (UTS,
YS, Elongation), but, normally, other properties can decrease. If we increase the UTS
and the YS, the tendency of the Elongation is to decrease, and if we increase the
Elongation normally the UTS decreases.

One of the most popular Al-Si-Cu alloys is the Al-Si9-Cu3-Fel alloy. Following we
resume some of as cast properties of DIN EN 1706:2010-06 for injection processing of
EN AC- 46000 to EN AC- 46500 alloys: Density of about 2.76 g/ cm®, YS 0.2% (MPa):
140, UTS (MPa): 240, Elongation (%): <1, Hardness (HBW): 80, Coefficient of thermal
expansion (10-6. °C™): 20-21 and Thermal Conductivity (W/m °K): 110-150.

2.3 Aluminium grain refining

The addition of elements such as Ti, Zr, B, N and C to the aluminium alloys promotes
the grain refinement of the aluminium, and can control the growth parameter of crystals
of aluminium in the solidification. The added elements act as nucleation nuclei at small
undercoolings of the a-Al grains. The refining effect modifies the columnar solidification
to an equiaxed one, with a minor grain diameter and more uniform distribution. The
diminution of grain size improves the alloy behavior, with less blistering and hot tearing,
higher and quickly deformation processes, less internal porosity and cracks, improve
also the elongation and ductility [Tam 08].
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The most employed grain refiner is the AI-5Ti-1B and the rest of the AI-Ti-B
compositions. They are also special applications where other refiners are employed, as
the Al-Ti-C, Al-B, Al-Ti and modifiers as Al-Sr. The refiners have a tendency to loss it
efficiency in the time (Fading). The reason is not clear yet, but the more accepted
theory is the agglomeration of ceramic particles and the poisoning effect of different
elements (Si, Zr, V, Ta and Cu). Nevertheless, because the similar chemical properties
of the surrounding elements of the periodic table, a partial substitution of Ti can be
made with V,Zr,Cd,Hf or Ta, and the same with the substitution of boron by
C,Si,N,P,Be and Mg [Guz 86],[Ram 08]. The master alloys are normally added in rods
or ingots. The Al- Ti -B master alloy is the most common used for aluminium alloys,
and they are a mixture of two interdispersed crystals in a matrix of solified aluminium.
Titanium diboride (TiB,) and titanium aluminide (TiAl;) are the two phases.

They are different theories for the explanation of the refining effect, but two are the
most employed: the peritectic and the boride-carbide theory. Nowadays, the boride-
carbide theory is more accepted [Ask 03]. However, new theories are being proposed
in order to explain the exact way of the refining of aluminium alloys.

The peritectic theory started in 1951. This theory proposed that the interface of TiAl;
and the liquid aluminium is the place for the nucleation of a grains and for grain growth.
It was based in the observation of TiAl; particles in the center of a grains and that there
was no nucleation below or at the melting temperature. This theory has not an
explanation for the boron effect. The boride-carbide theory is based on the idea that the
nucleation starts at the TiB, or TiC particles, which have very little solubility in the melt,
but can't explain why is necessary an extra percentaje of Ti in the melt to have a
positive action [lva 04].

The nucleation is the physical process by which a new phase is produced in the
aluminium. There is a critical radius that must be formed by atoms clustering together
in the liquid before the solid particle is stable and begins to grow. The undercooling is
the temperature to which the aluminium must be cool below the equilibrium freezing
temperature before nucleation occurs. The nucleation can be homogeneous or
heterogeneous. In the homogeneous nucleation, the formation of a critically sized solid
from the liquid by clustering together of a large humber of atoms at a high undercooling
promote the nucleation, without an external surface. In the heterogeneous, the
nucleation is formed due to the formation of a critically sized solid from the liquid on an
impurity surface [Ask 03].
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When a metal is not refined, there is a necessary undercooling to start the nucleation,
and as much as the nucleation releases the latent heat of fusion, the liquid temperature
increases (Recalescence), as in Fig.2.3.(a). After this, the metal solidifies at constant
temperature. If the metal is refined, it's no necessary to have an undercooling, so no
recalescence is observed, beginning the solidification at the melting temperature (See

Fig. 2.3. (b)). We can conclude that the lowest the undercooling, the more equiaxed the
grains.
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' MNormal cooling O-£; Isothermal l'\
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(a)
Fig.2.3. (a) and Fig.2.3. (b): Solidification diagr ~ams of Temperature / Time [Ask 03].

In our samples we expect to have a lower recalescence, due to the refining effect of
AlL,O3 and TiB,, promoting smaller grain size.

Solidification of aluminium alloys

One metal should evacuate the heat to solidify. When the liquid aluminium is under
cooled, a protuberance on the solid-liquid interface can grow fast, creating a dendrite.
Latent heat of fusion is removed by raising the temperature of the liquid back to the
freezing temperature. The mechanism of solidification begins with the formation of the
nucleus in the liquid state, those nucleus increase their size from the liquid
(Homogeneous) or from the inoculants (Heterogeneous). Then those nuclei increase
their size, and finally the liquid is totally transformed to solid.
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Homogeneous nucleation models of  a-Al grains

The homogeneous solidification is generated by a local variation in one element
concentration (Undercooling). It is characterized by low number of nuclei and a high
undercooling. The nuclei are randomly distributed in all over the liquid, and the
solidification starts in this points. In the experiments, the undercooling is not bigger
than a dozen of degrees. This low value is explained by the presence of external nuclei
that provokes the solidification.

The homogeneous nucleation develops columnar grains, but equiaxed grains have
better YS and UTS. The solute affects the morphology and size of dendrites. The total
free energy of the solid-liquid system changes with the size of the solid. The solid is an
embryo if its radius size is less than the critical radius size, and is a nucleus if its radius
is greater than the critical radius. As we can observe in Fig. 2.4., the bigger is the
radius of the embryo, the bigger is the possibility of acting as a nucleus.

AGs= (41119 .0y

AG = Total free energy
change

Radius of particle, r

- «—Free energy change—+

AG, . (4/3) 1 r* = Volume
free energy change

Fig.2.4: Determination of critical radius [Ask 03].
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The critical radius calculation is based on the thermodynamic properties. At one
temperature, the thermodynamically more stable state has the lowest free energy (G).
For a given undercooling AT, we have that AG = Gs-G,, where Gq is the free energy in
the solid state and G, in the liquid state. If g, and g, are the free enthalpies of every
phase per volume unity, and vy is the interface energy value per surface unit between
the two surfaces, we can obtain the free enthalpy of a nucleus with a radius R as:

AG =4mR* (/3R (gu - 9y) +Y) =4/3TR*(gu - 9y) + 4 TIR® y

Derivating respect the temperature the equation we obtain the critical radius:

Re=2y/(9a —9y)

As (0a — 9y) = AH - T AS; where T = T (Critic temperature of nucleus formation), and
AH = T..AS, we obtain the critical radius:

Rc=2y/(9a—9y)=2YyTc/(AH . AT)

The critical radius decreases when the undercooling increases its value. In the
heterogeneous solidification there is only a little variation, having a lower AG [Cti 01]. In
Fig. 2.5. we observe how changes the radius, with a decrease in the heterogeneous
(green line) undercooling. As in our case, particles will be added to obtain a
heterogeneous nucleation, and we expect a better nucleation. Also the HPDC process
has very high cooling rates, which can therefore promote a decrease of the critical
radius.

AG
A
Undercooling
1
I » R
Rc Heterogeneous
Homogeneous
Fig.2.5: Undercooling variation between homogeneous and heterogeneous
nucleation.
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Heterogeneous nucleation models of  a-Al grains

In this type of nucleation, the nucleation begins in an impurity surface, as carbides or
oxides for example. In order to act as a nucleating agent, the impurity must have a low
contact angle with the aluminium, so that the solid formed on the impurity surface can
be bigger than the critical radius, with a smaller increase in the surface energy. This is
the reason why the heterogeneous nucleation can occur with low undercoolings.

As they act as nuclei, they are employed to refine the grain. In order to be efficient,
inoculants must be in crystallographic concordance with the aluminium matrix, be
uniformly dispersed in the melt and have an atomic radius bigger than the critical
radius. Indeed if the nucleus has a smaller radius it tends to dissolve and if we have a
bigger one, it has smaller system energy and it will therefore increase in size. The
efficiency of the nucleus in the heterogeneous solidification depends on the contact
angle; so it depends on the interface energy between the solid and the liquid.

The grain size is easier to control in the heterogeneous solidification. They are several
inoculants that can be employed: TiAls;, TiB,, TiC, ZrB,, TiN, and AlB;[Guz 86]. We will
focus on TiB, because is considered the most potent nucleator agent and Al,Os,
because of its disponibility in very small sizes, the possibility of manufacturing from
aluminium recovery salts and its stability and wettability.

AL-TI-B systems as grain refiners

The first theory to explain the refining effect was the peritectic theory. Particles of TiAl;
were found by Davis and Maxwell in the center of a-aluminium grains, not nucleation
below or at the melting point, and nucleation took place around the peritectic
temperature (665°C). This theory has not an explanation for the refining effect of boron.
Maxwell and Hellawell take the contact angle as an adjustable parameter in the
classical heterogeneous nucleation theory. Greer found that experimental data could
be better explained by the free-growth criterion to describe the initiation of grains [Gre
00], applicable where the formation of the first solid (a-Al) on inoculants particles
occurs above the liquidus or at very small undercoolings. [Que 04-01]

The most important barrier to the formation of a freely growing grain involves the shape
of the a-Al/Liquid interface on the inoculants particle. The TiB, particles in the Al-Ti-B
master alloys are hexagonal platelets, with their main faces being {0 0 0 1}, on which
the nucleation of a-Al occurs [Sch 98]. Those phases can be approximated to a circle
(Diameter d). As a thin layer of a-Al on a {0 0 0 1} face on an inoculants particle grows
outwards, the radius of curvature of the a-Al/Liquid interface first decrease; that is
energetically unfavorable unless the undercooling is increased. When the a-Al cap on
the inoculants particle has grown outward to form a hemisphere, the radius of curvature
of the a-Al/Liquid interface is minimum, and more growth is energetically favorable.
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The undercooling for which the hemispheric a-Al/liquid interface is in equilibrium marks
the onset of the free growth and the effective initiation of the grain [Que 04-02]. The
critical undercooling, ATy, is calculated by:

AT, = 4y/AS, d

Where vy is the interface energy value per surface unit between the two surfaces (solid /
liquid interfacial energy), AS, is the entropy of fusion per unit of volume and “d” is the
particle diameter. Large particles become active nuclei at smaller undercoolings, and
smaller inoculate particles remain inactive if the maximum undercooling reached in the
melt does not exceed their critical ATg. For the aluminium alloys containing more than
a 1% of silicon, the ratio Ti:B is increased to 1, with an Al Ti3 B3 composition.

In order to determinate the grain refinement of various aluminium-based alloys, we can
use the grain growth index (GGI), represented as [Bac 00}

GGl =Zmi(:i (k, =) =mC,(k, -) +m,C,(k, =1) +....

Where m; is the slope of the liquidus in the binary (Al-i) system, C; is the concentration
of its dissolved solute in the alloy and k; is the distribution coefficient of solute i between
solid and liquid. my, C4, Ky, etc. represents the corresponding values for each alloy
constituent.

The amount of Ti results in a GGI value in refined alloy which corresponds to grain size
less than equal to desired grain size (GGly), it can be calculated with the formula [Bac
00]:

GGl, -GGl,

Amount;; =
(KTi - 1) m;

Where “amounty” is the percentage by weight of Ti to be added to the melt, “GGly” is
the grain growth index resulting in aluminium castings having a minimal grain size,
“GGly" is the grain growth index of the original aluminium base material, “m+" is the
slope of the liquidus in the binary (Al-Ti) system, “Ky;" is the distribution coefficient of Ti
between solid and liquid. Calculations can be made also with multinary systems. It
exists a relationship between grain size and the dendrite coherency point (fs*) which
can be used to optimise nucleation. The dendrite coherency point is the moment when
a solid phase network is established throughout the entire volume of a casting, and
from the moment phenomenas like macro segregation, shrinkage, porosities and hot
tearing start to develop. To establish the coherency point, the fraction solid is
determined as function of the solidification rate (dfs/dt), by thermal analytical technique
or by measuring the viscosity [Bac 00]. The grain size decreases (as the number of
grain boundaries increases) when we increase the % of Ti [Que 04-02].
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We can also see the relationship between the particle diameter and the undercooling
needed for grain initiation. We can observe at Fig.2.6., that as the particle measure
increases, the undercooling decreases, so the potential of been active as a nucleation
site is increased. We can determinate that TiB, particles of about 1 micron can be
active with only a 1°C of undercooling. However, very fine particles need a very high
undercooling in order to be activated.

minimum-radius
hemispherical cap

outward
growth of
o -Al

Undercooling for Grain Initiation (°C)

0 2 4 6 8 10
Particle Diameter (um)

Fig.2.6.: Necessary undercooling in function of par  ticle diameter [Que 04-02]

Maxwell-Hellawell theory (Heterogeneous nucleation) don’t match the reality, being
much more adequate then the isothermal-melt model. The grain refinement of
aluminium silicon alloys is more difficult than with other alloys; the quantity of Si in the
alloy has a great influence on it. As the silicon percentage is increased over 3 wt%, the
grain refining loose their action, leading to an increase of the grain size [Que 04-02]. In
the case of commercial grain refiners, there is a poisoning effect (Lost of the refiner
characteristics with time), due to the interaction of silicon with refiners. This is also
related with the time of effect of refiners. Refiners loose their properties in time (fading
effect). As we increase the undercooling temperature, the minimum particle diameter
working as a nucleus decrease, and as we increase the particle diameter, the required
undercooling for nucleation decreases.

In our case the use of nano-particles should demand a higher undercooling, due to the
small size, but in the other hand the fading effect should be eliminated, remaining the
nucleation effect during the time. Also as they have a very high specific area and a
tendency to agglomerate, clustering of particles acting as nucleation sizes could be
detected.
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2.4 Aluminium reinforcement

Aluminium metal matrix composites has been developed from the 1950°s. A composite
is a heterogeneous mixture of two or more materials, which have been bonded
together at a fine scale that can be considered a material with properties of its own. An
aluminium metal matrix composite (AMC) contains the aluminium as the continuous
matrix and a reinforcement which represents at least a few percent of the material. The
two materials are originated from separate original components and which remain
distinct in processing the material. The reinforcement is mostly added as particulates,
but they are also for example continuous fibres, whiskers, short fibres and 3D
performs. They are several materials that are used as reinforcements as C, SiC, SiO,,
B4C, Al,O3, TiB, [Tjo 03].

The creep performance, toughness, wear resistance and the thermal stress are
increased in those materials. Thermal and electrical conductivities can be high and
tailorable. The biggest disadvantage of those materials is the high price, but also the
galvanic corrosion, low ductility and anisotropy [Mor 01]. They are many ways to obtain
AMC, but they are 3 main routes, the liquid, the solid and the deposition process as we
can observe in Fig.2.7. [Morl] :
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Fig.2.7: AMC processing routes [Mor 01]
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AMCs are mostly fabricated by liquid ingot casting and powder metallurgy (PM) routes.
Ingot casting process offers substantial cost reduction advantages in terms of mass
production over PM route. However, many structural defects such as gas porosity,
oxide inclusions, agglomeration of the reinforcements and an interfacial product are
often produced in cast AMCs. Such defects affect the mechanical performances of
AMCs. From this aspect, squeeze casting can be used to eliminate gas porosity and
shrinkage.

AMCs generally are difficult to machine due to the high hardness and abrasive nature
of the ceramic reinforcing phase. Accordingly, PM route with near net shape capability
is more attractive than the casting technique. Furthermore, PM processing of AMCs
results in better mechanical properties with homogeneous microstructure, i.e. more
uniform distribution of ceramic particles. Thus, the microstructures of AMCs are
sensitively determined by process conditions. Another promising method is infiltration.
The ceramic reinforcement is formed previously, and placed in the die. Then aluminium
is introduced in the die, covering the ceramic. Ceramic parts can be denses or have
open or close porosity.

The incorporation of ceramic reinforcements to AMCs generates the residual stresses
during cooling from the material processing temperature. This is due to a large
difference between the coefficient of thermal expansion (CTE) of the reinforcement and
matrix. The thermal properties can be tailored through proper control of the
reinforcement and matrix. TiB, particles increases in general the UTS and YS, and
depending on the studies the elongation can increase or decrease [Tee 01] [Mis 04].
Among the reinforcing particulates, titanium diboride (TiB,) is particularly attractive
because it exhibits high elastic modulus and hardness, high melting point, superior
wear resistance and good thermal stability. Moreover, TiB, particles do not react with
aluminium, thereby avoiding the formation of brittle reaction products at the
reinforcement — matrix interface.

In AMCs reducing grain size (D) has also an impact on strengthening precipitates or
disperser size (6), and increasing volume fraction (d) on strengthening in metallic
alloys. The nanoscale structures can have a significant impact on the strength of
metals, increasing mechanical properties [Dav 07]. Mechanical properties are optimal
for reinforcement size ranging from 10 to 40 nm. However, the particles must been
desagglomerated. In our case, the nano-particles can produce a decrease of grain size
and a strengthening of precipitates. Also, an increase in volume fraction by the high
specific area can produce an increase of the mechanical properties.
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Types of AMC materials

As metallic matrix, near all the most employed aluminium alloys have been reinforced
with particles, but the most commonly used are the aluminium, magnesium and
titanium, in spite of others like copper and iron. The AMC are classified according to
the reinforcement shape and the name of the matrix, as we observe in Fig.2.8:

I,L-J_F —[ s !_l.: PN ;
J _ ik | 2y

L 1l o7 ]
’ H\ / K i [ o
1 U (o)
Vo 6 J_ L0 fi__'ﬂ/

Monofilaments  WNISKers/ paticles
Short fibers

Fig.2.8: Reinforcement shape classification of AMC [Mor 01].

* Continuously reinforced AMCs: The metal is reinforced with a continuous
reinforcement (monofilaments or fibre tows). The main problem is the chemical attack,
because it can produce sometimes a galvanic corrosion, so if there is an interaction
between the two materials, fibres are coated to avoid the galvanic par. The properties
are anisotropic.

* Discontinuously reinforced AMCs: The metal is reinforced with a discontinuous
reinforcement, and the reinforcement has not a chemical reaction with the matrix. The
properties in this case are generally isotropic and can be tailored.

* Interpenetrating phase composites: The metal is reinforced with a three-
dimensionally percolating phase, for example ceramic foam.

* Liquid phase sintered metallic materials: Include the cemented carbides, in which
carbide particles are bonded together by a metal such as cobalt, or the tungsten heavy
alloys.
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Applications of aluminium metal matrix composites

The metal matrix composites have had a small penetration in general in fields like
automotive, due to the high price of those products. The combination of good
mechanical properties at high temperatures with a light weight has been employed in a
wide range of products of different sectors. They are currently being used in
applications such as components for aeronautics, sports, racings, etc.

Light weight automotive components: Engine components (Connecting rods, Cylinder
liners, bearing stiffeners, blocks and heads), Transmission parts (Synchronizer rings,
valves, covers), Suspension components (Struts, hubs, CVJ), Brake parts (Calliper
bodies, brake disk, calliper pistons).

Light weight aerospace components: Aerofoils, leading edges, blades, landing gear
parts, brake parts, spacecraft structural parts, mirror parts, satellite parts.

Sports: Golf puts, tennis racquets...

The most employed materials for reinforced metals by number are listed in fig.2.9. [Mor
01], where we can observe how the Al,O3; and TiB, are one of the most commons:

Number of companies applying a particular reinforcing material

Uoslatsllonlss

Al203 B4C BeO c Cric2 Gr siBe SiC TiB TiB2 TiC Si SiC-
GriNi)

Fig.2.9.: Materials employed in MMCs by number of ¢ ompanies [Mor 01]

There are commercial aluminium alloys as Duralcan™ of Alcan, which can be
employed by the HPDC casting process. However, there is no mass application for
those materials and the developments have being employed in aeronautics, automotive
and sports.
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They are same problems in order to introduce AMCs in a mass production process.
Normally those problems are related with the product price, the necessity of stirring the
melt at the holding furnace, the recyclability, the cleanness of the melt, the employment
of an inert gas and finally the machinability.

The porosity problems decrease, because ceramic particles tend to get around the
porosity, and they decrease their volume. However, the higher viscosity promotes more
incomplete filling, cold laps and inclusions. It's expected to employ the developed
alloys in new automotive applications, with higher requirements than nowadays
products, especially at high service temperatures.

In situ produced Al/TiB ,-Al,O3 composites

The TiB, particles are reported to form from reactive hot pressing of either Al-Ti—B, Al-
TiO,—B or Al-TiO,—B,0; systems. However, Al,O; particles are also in situ formed
simultaneously in such systems. It is difficult to assess independently the reinforcing
effect of in situ TiB, particles. Moreover, intermetallic compound (Al;Ti) with plate-like
structure is also induced in the above-mentioned systems. The formation of brittle AlsTi
phase could lead to premature failure of in situ TiB, +Al,O3/Al composites. To eliminate
intermetallic compound, the AI-TiB, composite can be fabricated via PM process
followed by hipping, in which the TiB, particulates are blended with Al powders. Pure Al
is selected as the matrix material instead of the Al-alloy in order to exclude the
precipitation hardening effect.

The interfaces of in-situ particle/matrix are clean and free of impurities or contaminants.
The size of in-situ formed ceramic particles is in the order of 0.3 ym. They are
thermodynamically stable and compatible with the matrix. In-situ particles formed in the
aluminium alloys are typically of TiC and TiB, or combination of both TiC and TiB,
phases. TiB, particulate is particularly attractive because it exhibits high hardness,
superior wear resistance, high melting point, good thermal stability, high stiffness and
high strength at elevated temperatures. In contrast to SiC, TiB, particles do not react
with aluminium, thereby avoiding the formation of brittle reaction products at the
reaction—matrix interface. AlsTi block particles with several tens of micrometers in size
are formed in the Ti-Al-B system. The yield strength of (TiB,+Al,O3)/Al composites
tends to increase with increasing TiB, content. A strong interfacial bonding exists
between the TiB, reinforcing phase and the matrix, and this contributes to superior
creep resistance [Dho 11],[Mit 95],[Tjo 03].
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It is generally known that the particle sizes of the matrix and reinforcing ceramic
powders play an important role in the distribution of reinforcing particles in the matrices
of PMMCs. Fine reinforcing particles often tend to agglomerate into clusters during PM
processing. The degree of homogeneity of the particle dispersion is determined by the
relative particle size (RPS) ratio between the matrix and reinforcing particles. Higher
RPS ratios (40:1; 25:1; 18:1) favour particle clustering, thereby yielding poor tensile
strength and ductility. Lower RPS ratios (e.g. 5:1 and 3:1) promote a more uniform
distribution of the reinforcement (SiC) in the 2124 Al matrix, leading to a higher strength
in the composites. Increasing the RPS ratio results in a less-uniform reinforcement
distribution [Tam 05], which in turn leads to a decrease in the material manufacture and
the mechanical properties of Al-6% Cu—0.4% Mn/15% SiCp composites. It is noted
that RPS ratio can be varied by changing the particle size of either the reinforcement or
the matrix, separately or simultaneously. Young’s modulus and ultimate tensile strength
of the Al-TiB,p MMCs tend to increase with increasing TiB, volume content at the
expense of tensile ductility. Also reduces the coefficient of thermal expansion (CTE) of
the Al-TiB, composites.

In situ Al/TiB, composites can be prepared using powder metallurgical technique and
casting process. Exothermic dispersion reactions (XD process) between the elemental
powders of composites i.e. Al, Ti and B under either ingot casting or PM route are
commonly adopted to prepare in situ Al/TiB, composites. Gotman et al. used the SHS
technique to fabricate in situ Al/TiB, composites. In this process, elemental powders of
the composites were compacted and synthesized by utilizing the heat released during
the exothermic reactions of their formation. The ignition of compacted powder mixtures
by an electric current initiates a combustion wave that propagates through the blend,
leaving behind the reaction products. Reactive spontaneous infiltration refers to the
process in which in situ TiB, particles are formed by simultaneous infiltration of molten
aluminium into ceramic fillers (TiN + B) under a protective nitrogen or argon
atmosphere.

Other casting approach involves adding mixed Ti and B bearing salts (i.e. K,TiFs and
KBF,) to molten aluminium, being the most employed for the refining master alloy
production. The reaction is:

K, TiFs + 2KBF, + 10/3Al — TiB, + 4/3(3KF.AlIF3) + 2AlF;
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K,TiFs and KBF,4 react with molten aluminium to produce TiAl; and AlIB,. After, there is
a reaction between them, and Ti and B ions are released and diffused into liquid Al
When they reach saturation, they will be separated out as the intermetallic compounds
TiB,, TiAl; and AIB,. A K;AlIFgs and KF mixture are formed due to excessive KF.
Consequently, elements Ti and B from the salts tend to react with Al exothermically,
giving rise to the dispersion of TiB, particles in the Al matrix. Among these processes,
RHP is attractive due to their simplicity and flexibility. RHP encompasses both the
exothermic conversion of reactants to in situ reinforcements and the subsequent hot
compaction of the porous powder mixture. They have being synthesized in situ TiB,
particulates from the Al-TiO,—B and Al-TiO,—B,03; systems via reactive hot pressing of
the elemental powders. For the AI-TiO,—B system, three types of in situ
reinforcements, i.e. Al,Os, TiB, and AlsTi can be created during reactive hot pressing
process. The synthesized reactions can be summarized as:

3TiO; + 13Al — 2Al,05 + 3Al3Ti (1)
3T|02 + 6B + 4A| — 2A|203 + 3T|Bg (2)

In the absence of boron, only TiO, reacts with Al, leading to the formation of Al,O; and
Al;Ti phases (Reaction (1)). Al;Ti is an intermetallic compound having low density, high
melting point, high hardness, and high Young’'s modulus. Also it's very brittle, due to its
tetragonal structure and platelet morphology.

Effort has been expended to eliminate the Al;Ti compound in the RHP process via the
incorporation of B into the TiO,—Al system (reaction (2)). In this case, in situ TiB, and
Al,O; particles are created at the expense of Al;Ti. Thus the amounts of Al,Og, TiB,
and Al;Ti phases can be controlled by varying the boron content. For the synthesis of in
situ Al composites using Al-TiO,—B,0; system, excess B from B,O3 can react with Ti
from TiO, to produce Al,O3; and TiB, reinforcement in the Al composite. The following
reactions are expected:

8203 + 2A| — A|203 + ZB (3)
3TiO, + 4Al — 2A1,0; + 3Ti: (4)

The Ti reduced from the reaction (4) then reacts with B to form TiB, or with Al to form
Al;Ti according to reaction:

Ti + 2B — TiB, (5)

Ti + 3Al — Al,Ti (6)
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It is suggested that Ti can also react with Al and B to form titanium aluminium borides
(Ti,Al)By via the following reaction:

XTi + XAl + yB — (Ti,Al)«By

The main disadvantage of in situ composites is that TiB, particles are pushed to the
grain boundaries and they get agglomerated [Sch 07], having a reduced effect in the
nucleating process, to reduce the interfacial energy.

Ex situ produced Al/TIB , — Al,O3; composites

Generally, the ceramic reinforcements are prepared independently and incorporated
into the matrix alloy during conventional liquid casting and PM routes. Such composites
fabricated are termed as ex situ composites. The ex situ MMCs fabricated by those
methods are still not economically favourable due to the high cost of reinforcing
particles. Moreover, ex situ ceramic particulates generally have a size ranging from a
few micrometers to several hundred micrometers. Large ceramic particulates often act
as micro concentrators of stress and give rise to particle fracture during mechanical
loading.

Recently, novel in situ processing such as exothermic dispersion (XD), reactive hot
pressing (RHP), self-propagating high temperature synthesis (SHS) and reactive
infiltration have attracted considerable attention. In these processes, ceramic
reinforcing particles are formed in situ in the matrix melt from the chemical reactions or
from the exothermic reactions between the elemental powders of composites under hot
pressing conditions. Ultrafine in situ ceramic particulates are thermodynamically stable,
free of surface contamination and disperse more uniformly within the matrices of
MMCs, leading to stronger particle-matrix bonding. Such unique properties make in situ
MMCs possess excellent mechanical properties and economical viability vs. their ex
situ counterparts. TiB, particulates with the average size of about 1 um reinforcement
phase can be synthesized via self-propagating high-temperature synthesis (SHS)
reaction of 50 wt.% Al-Ti—B systems, with the molar ratio of Ti to B= 1:2. Al (99.0
purity, 29 pm), Ti (99.5 purity, 15 ym), and B (98.0 purity, 3 ym) are mixed by ball
milling for 8 h and are mechanically pressed into a cylindrical perform. The cylindrical
perform with about 70% theoretical density is heated in a closed electronic resistance
furnace filled with high purity Ar gas. At about 680-720 -C, a SHS reaction of Al-Ti—-B
system takes place and TiB,—Al master alloy is then formed. Composite specimens
with 7.5 wt.% TiB, can be prepared by adding the desired amount of TiB,—Al master
alloy to molten metal and using the semisolid slurry stirring technique. The composite
melt is stirred in the semisolid temperature range for 20 min, and the composite slurry
is heated to 700 °C and poured into a steel mould.
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The cyclic responses of Al-based MMCs reinforced with ex situ ceramic particles are
known to be very sensitive to the matrix microstructures or aging heat-treatment. Under
aged and naturally aged composites with very fine precipitates display cyclic hardening
behaviour fatigued at various applied strain amplitudes, due the interactions among
dislocations. Peak aged composites exhibit cyclic hardening cycled at higher applied
strain amplitudes, but the hardening is less pronounced when compared with naturally
aged MMCs. Composites prepared from the TiO,—Al-B system exhibit higher yield and
tensile strengths than composites fabricated from the Al-TiO,—B,03; system. This is
due to a complete elimination of brittle AlsTi phase in the composite 1 by proper
adjusting of the molecular ratios of B/TiO, to 6/3. The size of in situ TiB, particles
formed in the matrix of Al-based composites varies from 0.5 to 1.5 pm.

For the first trials, commercial TiB, have been chosen, with a measure of about 3 — 6
pm (-325 Mesh). This material should be reduced (by ball milling) to a measure below
0.5 ym. TiB, is produced by using a continuous chemical process that controls
stoichiometry and particle size to create high purity powder. The shapes of the
processed crystals are flat, hexagonal platelets. When solidified into shapes, the
resultant ceramic is electrically conductive, a property very rare among ceramic
materials. This makes it valuable in electrical applications and also enables it to be
formed into complex shapes using electrical discharge machining (EDM).

Applications

« Electrically conductive composites such as aluminium evaporation boats. As an
excellent conductor of both electricity and heat, TiB, is valuable in electronic and
special applications.

» Refractory material and antioxidant additive that is no reactive to most molten non
ferrous metals and alloys. Also for thermal management materials, because TiB,
enhances thermal conductivity when used as filler in polymeric matrices.

 Military armour because it's tough enough, and also improves fracture toughness of
ceramic cutting tools and other components.

« Additives for producing special ceramic composite materials. Titanium Diboride will
not react with molten non ferrous metals including Cu, Zn and Al. TiB, is used as
crucibles, vacuum metallization components and electrodes for processing these
materials.
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As we have observed before, the alumina is greatly employed to obtain aluminium
metal matrix composites. In Table 2.2. we can see some applications of nanoalumina:

Application

Market segment

Examples

Transparent improvement of
scratch resistance in various

coating systems

Lacquers & coatings.
Cosmetics

Scratch-proof automotive topcoats, parquet lacquers,
furniture lacquers, lacquers for electronic devices.
Scratch-proof nail polish.

Controlled adjustment of

translucence and transparency

Lacquers & coatings.
Cosmetics. Plastics

Use as matting agent for lacquers and coatings.
Controlled adjustment of translucence in creams. Use
as matting agent.

Transparent control of rh

properties in liquids and pastes

eological

Inks & paints. Ceramics

Reduction of structural viscosity in ink jet formulations.
Production of ceramic slurries with high solid content.

Transparent improvement of

mechanical properties

Dental materials. Plastics.
Fibres & textiles

Improvement of the mechanical properties of dental
nanocomposites, of plastics in general, of fibres in
general and of the converting of master batches filled
with particles in fibre spinning plants.

Table 2.2:

Applications of nanoalumina [Nan 11], [B uh 11].

In automotive brake discs, drums, callipers or back-plate applications are employed.
Partially reinforced piston for use in diesel engines AlSi12CuMgNi (KS 1275; 3.4032)
reinforced with Saffil (a-Al,Os) short fibre 10, 15 and 20 vol.%. Other suitable
applications are found in engine and gearbox parts. Bike and golf components are also
developing rapidly. In our case, we'll investigate the reinforcement with nano-particles
of AMCs, expecting better isotropic properties with a good particle distribution, due to
the nano-particle size of the particles.

2.4.1 Influence of reinforcements in aluminium alloys pro perties.

The reinforcements in aluminium promote the increase of creep performance,
toughness, wear resistance and the thermal distortion, with a combination of good
mechanical properties at high temperatures and a light weight. Tensile measurements
[Mah 08] show that Young's modulus and ultimate tensile strength tend to increase with
increasing reinforcement volume, but with a decrease of tensile ductility. In order to
determinate the most important mechanical properties in materials that are working at
traction forces, the tensile test are employed. Test bars are tested in equipments where
the relation between the stress and the deformation are registered, giving a stress-
strain diagram as shows simplified in Fig. 2.10. From this diagram we can determinate
the yield stress, the ultimate tensile stress, the elastic modulus and the elongation, that
are employed in the design of parts. The yield stress (YS) represents the stress at
which plastic deformation becomes noticeable. It's chosen when a 0,2% plastic
deformation has taken place. In the yield stress area the material deforms without an
increase in applied load. In the stress hardening there is an increase in the material
resistance, due to the change in the atomic and crystalline structure.
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We can observe a decrease in the stress after the ultimate stress point, but is
promoted by the decrease in the lateral area of the sample. From the diagram we can
obtain also the elastic modulus (E) that is defined as the slope in the linear region and
the elongation (g), which corresponds with the plastic deformation in the broken test
bar. UTS gives the stress before necking.
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Fig.2.10.: Stress — strain diagram

In order to design a part that must support a charge during use, we must assure that
the part doesn't plastically deform. In this case we should select a material with high
YS. In the case of ductile material with an important plastic deformation, the UTS is not
very important, but it can give us the hardness and the soundness of the part. In our
case, both properties and the elongation are important parameters to determinate, due
to the behaviour as not very plastic materials of the Al Si9 Cu3 alloys.

In order to determinate the mechanical properties in function of the composition of the
alloy, experimental formulas have been [Mac 98], employing an experiment design
employing an L16 and a modified L8 Taguchi orthogonal array in the limits of
concentration of the allowing elements of Al Si hypoeutectic alloys. We can observe the
equations for YS, UTS and Elongation:

Yield Strength:

P1=(9.81 + 0.49 Si + 1.44 Cu + 1.48 Fe +13.07 Mg + 1.01 Mn + 1.45 Ni + 3.84 Cr +
0.34Zn +5.81 Ti + 12.72 Sr)x6.89512.

Page 32 of 157




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure

and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 2: LITERATURE REVIEW

Ultimate Tensile Strength:

P2= (4493 - 0.46 Si + 0.67 Cu - 0.18 Fe + 0.76 Mg - 0.13 Mn + 0.23 Ni + 0.16 Cr +
0.32Zn + 0.20 Ti + 0.35 Sr)x6.89512.

Elongation:

P3 =(10.62 - 0.61 Si - 0.50 Cu - 0.46 Fe - 0.57 Mg - 0.21 Mn -0.07 Ni + 0.06 Cr + 0.25
Zn +0.08 Ti + 0.07 Sr)x6.89512.

In order to increase alloys properties and specially the YS we should study what are
the parameters that can increase the YS. The increase in YS can be attributed to the
coupled effects of:

(a) Orowan strengthening;
(b) Grain refinement;

(c) Formation of internal thermal stress due to different CTE values between the matrix
and the reinforcement particles;

(d) Effective load transfer between the matrix and the reinforcement;

(e) Hardening due to the strain misfit between the reinforcing particulates and the
matrix.

The contributions to the increase in the YS of the composites by the various
strengthening mechanisms could be taken as a simple summation of the root of the
sum of squares of the different mechanisms, and have been discussed in several
recent studies. Owing to the presence of the dispersed nano-size particles in the
matrix, dislocation loops form as dislocation lines bow and bypass the particles.

There is a general formula (generalized Hall Pech equation) to calculate the YS, taking
into account more variables than the medium diameter of the nucleus, as the
microstructures and dislocations. In general it has being assumed that a decrease of
nucleus diameter promotes an increase of YS. YS can be calculated with the general
formula [Lem 81], [Cly 93], [Han 05], [Arp 03], [Alu 11]:

0=0,+0,+0,+0,+04,+0,+0,,
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Where:

o;: Stress induced resistance because the friction generated by the opposition to the
dislocations movement.

Os: Stress induced resistance by the solid solution elements (Function of the
concentration of elements and the difference between the atomic radius of solute and
solvent).

O,: Stress induced resistance by the precipitates (Function of precipitates concentration
and the average distance).

04 Stress induced resistance by dislocations (Function of shear modulus, Burgers
vector and the dislocation density).

Oss: Stress induced resistance by the sub-grains or by the sub- structure (Relation very
similar to Hall-Petch).

o Stress induced resistance by the texture or isotropy (Function of preferential
crystallographic directions)

Onp: Stress deduced from Hall-Petch relation for grain size. The refinement in grain size
arises as a result of the presence of reinforcing particles which act as nucleation sites
during recrystallization, and the pinning of grain boundaries. The contribution to the
increase in YS due to grain size strengthening can be described by the Hall-Petch
equation [Zha 08]:

o, =Kd 72
where K is the Hall-Petch coefficient, and d is the grain diameter.

It may be noted that, based on the contributions by the above-mentioned strengthening
mechanisms, the YS of the composites should increase with increasing volume fraction
of reinforcement. However, when the volume fraction of nano-particulates is increased,
the strength and ductility of the composites drops but remains higher than compared
pure metal one [Hum 91]. This may be due to the agglomeration of nanoparticulates
with increasing volume fraction, which reduces the Orowan strengthening effect. The
increment in ductility of the aluminium by reinforcement particulates may be attributed
[Mah 08] to a more uniform microstructure where stress concentration is reduced, a
uniform distribution of reinforcements and very short distances between nanoparticles
that prevent crack growth and their interconnection. Ultra-fine ceramic particles inhibits
stress concentration and crack growth. If the SDAS decreases [Gro 09], UTS and
elongation are increased.

In our case, we have chosen very low percentages of reinforcement particles in order
to avoid the drop in the mechanical properties by increasing the volume fraction.
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2.4.2 TiB, Generalities

Titanium diboride, TiB,, is a ceramic compound from the combination of titanium and
boron, with hexagonal crystal structure and space group P6/mmm. It has a high melting
point (around 3225°C), hardness, strength to density ratio and wear resistance. It can’'t
be found in the nature, and can be prepared by many different methods as direct
reaction, carbothermal reduction, SHS reaction...

It is resistant to oxidation at high temperatures and to HF and HCI acids, but not to
alkalis, H,SO, and HNOs. It don’'t reacts with many melted metallic alloys, so is
employed in aluminium melting as thermocouples, cathodes for aluminium smelting,
chemical applications and as a reinforcement for composites. It's a ceramic with high
thermal and electrical conductivity. It can be shaped to a desired shape with high or low
densification porosity, and can be also machined by electrical discharge. In order to
produce near dense TiB,, several methods have been employed, including sintering,
hot pressing, hot isostatic pressing, microwave sintering, dynamic compactness,
vacuum arc melting, spark plasma sintering and SHS [Mor1].

The production of in_situ Al-TiB_, metal-matrix composites (MMC) is based on a
process in which titanium (K,TiFg) and boron (KBF,) containing salts are reacted with
molten aluminium to generate in-situ TiB, particulates. Cryolite salts react with the
molten Al alloy such that the titanium and boron enter the aluminium and combine to
form in situ TiB, particles of about 1um size. The remaining cryolite slag is decanted
from the furnace and the Al-TiB, master alloy is alloyed to its final composition and cast
to billet or waffle plate [Mor 01].
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They are also new techniques to prepare ex-situ nanocrystalline TiB,, by SHS,
mechanical alloying, solvothermal reaction [Gu 02] and solution phase reaction. In the
next chapters we will explain a new method developed in the project for the nano TiB,
production. The process has been optimised to achieve a 20 wt.% reinforcement on
laboratory scale. Superior material properties are strongly dependent on the
homogeneous distribution of fine TiB, particles in the Al matrix. The average particle
size is 1 to 2 um, giving additional mechanical strength due to dispersion hardening
[MMC 01]. In our case, we have employed two different ex-situ TiB, particles, with the
same high energy ball milling process, in order to obtain TiB, nano-particles with an
average size of 500 nm. The 2 employed TiB, particles are:

1) SHS TiB, produced at Tecnalia _from Ti and B with a TiB, grain size from 1 to
6 microns.

2) Solvothermal processed commercial TiB___, produced by the with a mesh 325
grain size.

Structure

The TiB, has a prevalent covalently bounded and hexagonal close-packed crystal
structure of the AIB, type, designated C32, with space group P6/mmm. The lattice
parameters have slight quadratic dependence, and a = b =302.9, ¢ = 322.9, a = 3 =90°,
y = 120°, as we can observe in Fig.2.11. The prevalent covalent bonding determinates
the low ductility, high hardness and high melting point.

Ti

b=a
Fig.2.11.: Scheme of the crystal structure of TIB .

Properties

TiB; has a high hardness and stiffness, in combination with high electrical and thermal
conductivity. The thermal and electrical conductivity is not a normal characteristic of
most conventional ceramics. It offers a combination of attractive properties, with high
hardness, high strength, high specific modulus, high melting point, excellent wearing
and oxidation resistance at high temperatures (Up to 1400 °C).
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In the Table 2.3. we can resume the TiB, properties for a material with a density of 4.5
+ 0.1 g/cm® and a grain size of 9+1 um [Mun 00]. We can observe TiB, properties, and
specially the maintenance of the elastic modulus and flexural strength at high
temperatures, that can provide the increase of mechanical properties at higher
temperatures for the elected alloy. We will test how TiB, particles modify alloy

properties and if we get the expected improvements.

Property 20°C | 500°C | 1000°C | 1200°C | 1500°C | 2000°C
Bulk modulus (GPa) 240 234 228
Compressive strength (GPa) 1.8
Creep rate® (10° s™) 0,005 3,1
Density® (g/cm?®) 4500 | 4449 | 4389 | 4.363 | 4.322 | 4.248
Elastic modulus (GPa) 565 550 534
Flexural strength (MPa) 400 429 459 471 489
Fracture toughness (MPa m*?) 6,2
Friction coefficient® 0.9 0.9 0.6
Hardness (GPa)' 25 11 4.6
Lattice parameter® a /A 3.029 | 3.039 | 3.052 3.057 3.066 3.082
Lattice parameter® c /A 3.229 | 3.244 | 3.262 3.269 3.281 3.303
Poisson’s ratio 0.108 | 0.108 | 0.108
Shear modulus (GPa) 255 248 241
Sound Velocity, longitudinal® (Km/s) 11.4 | 113 11.2
Sound velocity, shear® (km/s) 7.53 7.47 7.40
Specific heat (J kg™ K™ 617 | 1073 | 1186 1228 1291 1396
Thermal conductivity (W m™ K™) 96 81 78.1 77.8
Thermal diffusivity (cm®/s) 0.30 0.17 0.149 0.147
Thermal expansion®” aa (10°° K™) 6.4 7.0 7.7 7.9 8.3 8.9
Thermal expansion®” ac (107° K™) 9.2 9.8 10.4 10.6 11.0 11.6
Thermal expansion” am (10~° K™) 7.4 7.9 8.6 8.8 9.2 9.8
Wear coefficient® (10~°) 1.7
Weibull modulus 11

Table 2.3: properties of TiB ,[Mun 00]

2Density 4.32 g/cm®, grain size 2 pm, Ve /Pioad = 0.2 ms™ MPa™*
®Vickers indentation, load =5 N

°Single crystal, hexagonal unit cell.

4Single crystal.

®*p=4.32g/cm3,g=2um, vs/Pc=0.2m s MPa™.

"Vickers hardness, load = 5 N.

dvshear = (G/p )*?; vlongitudinal = [(4/3) G/ p +B/ p 1"

Ox = (1/%o)(Xx—Xo)/(T-Tp), X = a or ¢ , cumulative

" Coefficient of thermal expansion
Om = (20,+00)/3.

from the reference state at 20 °C(Corresponding to T, = 293 K);
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Applications

TiB, applications have been limited to very specific applications, due to the processing
cost of the material and the variability in the material properties. It has been employed
in aluminium melting, impact resistant armors, cutting tools, crucibles and resistant
coatings.

2.4.3 Alumina (Al ,03). Generalities.

Aluminium oxide is an amphoteric oxide of aluminium with the chemical formula Al,O:s.
It is also commonly referred to as alumina or aloxite in the mining, ceramic and
materials science communities. It is produced by the Bayer process from bauxite. Its
most significant use is in the production of aluminium metal, although it is also used as
abrasive, due to its hardness, and as a refractory material due to its high melting point.

Corundum is the most common naturally-occurring crystalline form of aluminium oxide.
Much less-common rubies and sapphires are gem-quality forms of corundum with their
characteristic colours due to trace impurities in the corundum structure. Rubies are
given their characteristic deep red colour and their laser qualities by traces of the
metallic element chromium. Sapphires are in different colours given by various other
impurities, such as iron and titanium.

Properties

Aluminium oxide is an electrical insulator but has a relatively high thermal conductivity
(40 W/m K). In its most commonly occurring crystalline form, called corundum or a-
aluminium oxide, its hardness makes it suitable for use as an abrasive and as a
component in cutting tools. Aluminium oxide is responsible for metallic aluminium's
resistance to wearing. Metallic aluminium is very reactive with atmospheric oxygen,
and a thin passivation layer of alumina quickly forms on any exposed aluminium
surface. This layer protects the metal from further oxidation. The thickness and
properties of this oxide layer can be enhanced using a process called anodising. A
number of alloys, such as aluminium bronzes, exploit this property by including a
proportion of aluminium in the alloy to enhance corrosion resistance. The alumina
generated by anodising is typically amorphous, but discharge assisted oxidation
processes such as plasma electrolytic oxidation result in a significant proportion of
crystalline alumina in the coating, enhancing its hardness. Aluminium oxide was taken
off the United States Environmental Protection Agency's chemicals lists in 1988.
Aluminium oxide is in the Toxics Release Inventory (TRI) list of the Environmental
Protection Agency (EPA) if it is in a fibrous form.
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Aluminium oxide, also known as alumina, is the main component of bauxite, the
principal ore of aluminium. The largest manufacturers in the world of alumina are
Alcoa, Alcan and Rusal. Companies which are specialized in the production of special
aluminium oxides and aluminium hydroxides. The bauxite ore is made up of impure
AlL,O3, Fe,03, and SiO,. Bauxite is purified by the Bayer process [Hid 99]:

AlLO; + 3 H,0 + 2 NaOH — 2 NaAl(OH),

The Fe,O; does not dissolve in the base. The SiO, dissolves as silicate Si(OH)GZ'.
Upon filtering, Fe,O3 is removed. When the Bayer liquor is cooled, Al(OH); precipitates,
leaving the silicates in solution. The mixture is then calcined (heated strongly) to give
aluminium oxide:

2 AI(OH)g + Heat — A|203 + 3H20

The alumina formed tends to be multi-phase, i.e. constituting several of the alumina
phases rather than solely corundum. The production process can therefore be
optimized to produce a tailored product. The type of phases present affects, for
example, the solubility and pore structure of the alumina product which, in turn, affects
the cost of aluminium production and pollution control.

Structure

The crystal system of corundum (a-Alumina) is a trigonal Bravais lattice with a space
group R-3c, 2 formula units per unit cell of aluminium oxide, but is most commonly
referred to a slightly distorted hexagonal close-packing of oxygen ions, or a larger
hexagonal cell with 6 formula units, as we can observe in the Fig.2.12. Alumina has
also other phases (y,0,€,n,0,x,...), all corresponding to the Al,O3; formula, but the only
one that its thermo stable is the a-Alumina. The electro negativity of alumina is 2, with a
63% of ionic character and 37% of covalent.

."

Uz
?s,}q,--.:
\-!:r"'"' i) )-'f

Fig.2.12.: Scheme of the crystal structure of Al ,03 [Wik 11].
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Properties

Alumina has a very interesting combination of mechanical, electrical and chemical
properties. Mechanically is very hard, resistant to abrasive wear and dimensional
stable. Electrically it has high resistivity, good dielectric strength and low dielectric loss
factor at high frequencies. It is inert against from chemicals, maintaining characteristics
at high temperature [Jac 77]. The melting temperature is 2030 — 2050 °C, boiling
temperature: 3500 °C, thermal conductivity “k” is 30.1 W/m.K, the lineal dilatation
coefficient is 8.3 - 9 x 10° °C, thermal conductivity 10 — 10™ (Q.m)™, the tensile
strength is 380 GPa, Poison coefficient of 0.26, hardness of 18-23 HV (GPa), ultimate
strength of 200 - 345 MPa and a density of 3.97 g/cm®. In the table 2.4., we can
resume the Alumina properties for a high purity (99.5 % or higher) and nearly fully
densified (98 % of the theoretical density, or higher) sintered alpha-alumina materials
with a nominal grain size of 5 um. The good properties of the elastic modulus and
flexural strength at high temperatures can provide the increase of mechanical
properties at higher temperatures for the elected alloy. Because of that we want to

explore the potential application of Al,O3 in the reinforced alloys.

Property 20°C 500°C | 1000°C | 1200°C | 1400°C | 1500°C
Bulk modulus (GPa) 257 247 237 233 229 227
Compressive strength (GPa) 3.0 1.6 0.7 0.4 0.3 0.28
Creep rate (10° s™) at 150 MPa 0 0 4 280 6600 | 24600
Density (g/cm®) 3.984 3.943 3.891 3.868 3.845 3.834
Elastic modulus (GPa) 416 390 364 354 343 338
Flexural strength (MPa) 380 375 345 300 210 130
Fracture toughness (Mpa mY?) for| 3.5 3.0 2.7 2.6 2.5 2.5
crack length of 300 pm
Friction coefficient !#2¢Pa 0.40 0.8 0.4
Hardness (GPa) (Ve e's 1) [GPal 15 8.5 4.6 3.7 2.9 2.5
Lattice parameter a /A 4.761 4.777 4.797 4.806 4.815 4.820
Lattice parameter c /A 12,991 | 13.040 | 13.102 | 13.129 | 13.156 | 13.169
Poisson’s ratio 0.231 0.237 0.244 0.247 0.250 0.252
Shear modulus (GPa) 169 158 146 142 137 135
Sound Velocity, longitudinal (Km/s) 11.00 10.77 10.54 10.44 10.35 10.30
Sound velocity, shear (km/s) 6.51 6.33 6.14 6.06 5.97 5.93
Specific heat (J kg™ K™) 755 1165 1255 1285 1315 1330
Tensile strength (MPa) 267 267 243 140 22 13
Thermal conductivity (W m™ K™) 33 11.4 7.22 6.67 6.34 6.23
Thermal diffusivity (cm?/s) . 0.111 0.0251 | 0.0150 | 0.0136 | 0.0127 | 0.0124
'Iztlle):rmal expansion from 0°C am (10 46 71 8.1 83 8.5 8.6
Wear coefficient (10~) -4 -6
Weibull Modulus 11 11 11 11 11 11
Weibull modulus 395 390 360 310 210 125

Table 2.4.: properties of AL ,03;[MUN 97] [MMC 01-2].
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Applications

Annual world production in 2005 of alumina is approximately 45 million tones, over
90% of which are used in the manufacture of aluminium metal. The major uses of
special aluminium oxides are in refractories, ceramics, polishing and abrasive
applications. Large tonnages are also used in the manufacture of zeolites, coating
titania pigments, and as fire retardant /smoke suppressants.

Alumina is a medium for chemical chromatography, available in basic (pH 9.5), acidic
(pH 4.5 when in water) and neutral formulations. In lighting, GE developed "Lucalox" in
1961, a transparent alumina used in sodium vapor lamps. Aluminium oxide is also used
in preparation of coating suspensions in compact fluorescent lamps.

Health and medical applications include it as a material in hip replacements. It is used
in water filters (derived water treatment chemicals such as aluminium sulfate,

aluminium chlorohydrate and sodium aluminate, are one of the few methods available
to filter water-soluble fluorides out of water). It is also used in toothpaste formulations.

Most pre-finished wood flooring now uses aluminium oxide as a hard protective
coating. In 2004, 3M developed a technique for making a ceramic composed of
aluminium oxide and rare earth elements to produce a strong glass called transparent
alumina. Alumina can be grown as a coating on aluminium by anodizing or by plasma
electrolytic oxidation (see the "Properties" section, Table 2.3.). Its strength and
abrasive characteristics are due to aluminium oxide's great hardness (position 9 on the
Mohs scale of mineral hardness).

It is widely used as a coarse or fine abrasive, including as a much less expensive
substitute for industrial diamond. Many types of sandpaper use aluminium oxide
crystals. In addition, its low heat retention and low specific heat make it widely used in
grinding operations, particularly cutoff tools. As the powdery abrasive mineral aloxite, it
is @ major component, along with silica, of the cue tip "chalk" used in billiards.

Aluminium oxide powder is used in some CD/DVD polishing and scratch-repair kits. Its
polishing qualities are also behind its use in toothpaste. Is also widely used in the
fabrication of superconducting devices, particularly single electron transistors and
superconducting quantum interference devices (SQUID), where it is used to form highly
resistive quantum tunneling barriers.
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2.5 Processing of aluminium matrix reinforced alloys
2.5.1 Introduction.

As we have seen before, there are several ways to produce aluminium reinforced
alloys. In our case, we have elected the reinforcement with externally produced
particles in the liquid state because is a cheap process that generates the same
properties in all the directions. However, in order to get the better properties, a good
process must be employed. Ceramic particles must have for our project the smallest
possible size, and we have chosen SHS as the process for the production on TiB,
particles because it produces small TiB, particles about 1-5 microns at a good
processing cost. As we decrease particle size, particles tends to agglomerate,
promoting a decrease in properties and a more inhomogeneous structure. Also the
introduction of ceramic particles in liquid aluminium is very complicated, due to the
tendency to get indissolved in the dross. In order to produce parts in an economic and
industrial way, HPDC process has been elected. In the next points we’ll review all the
process aspects that have to be studied in order to get the best properties for an
industrial process.

2.5.2 Formation and particle degglomeration
2.5.2.1 In Situ formation of reinforcement particles

In the case of producing TiB,, in order to introduce the borides particles in the melting,
the most employed process is by reacting borides particles with the aluminium in the
melt, by means of a salt which reacts with aluminium to produce boron, and one or
more salts which reacts with aluminium to produce a boride-forming metal or metals. In
situ production of the boride particles produces particles with less than 1 micron in size.

2.5.2.2 Ex Situ formation of reinforcement particles

However, AMC have been fabricated by the dispersion of very fine (Less than 0.1
micron) oxide or carbide particles throughout the metal or alloy matrix, by mechanical
mixing of metal powders of 5 micron diameter or less with the oxide or carbide powder
(Preferably 0.01 micron to 0.1 micron). Presence of oxygen can result in oxide
formation at the interface of the ceramic, and the metal desinhibit interfacial binding
between the ceramic phase and the matrix, adversely effecting ductility, reducing
strength, loss of elongation and crack propagation. It's important that the metal is
capable of dissolving or sparingly dissolving the constituents of the ceramic phase, and
having a lesser capability for dissolving the ceramic precipitate. Metal matrix
component must act as a solvent for the reaction species, but not for ceramic
precipitate. In the case of AlL,O3 lot of commercial types of nanosized particles are
available, because it's one of the most employed nano-particles.
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For our project, we have elected the composition and size of commercial Al,O3 nano-
powders to be introduced in liquid aluminium, avoiding liquid dissolutions that should
promote an explosion, and we have developed the reduction of SHS formed TiB, from
the micron size to the nano-size, because no commercial nano-TiB, was available at
the beginning of the project.

2.5.3 Mixture and wetting of particles
2.5.3.1 Solid state mixture of particles

The mixture of aluminium and reinforced particles can be made in the solid or liquid
state. In the case of solid state, nanocrystalines powders made by milling process must
be consolidated in a bulk form. Powder consolidation lead to significant grain growth,
because traditional consolidation involves high temperatures (at least 0.8 T,,, with T,
the melting temperature). Nanometric surface modification of the nanometric powders
consisting on zincating and further on, electroless plating of copper in nanoparticulate
form on nanostructured makes the conventional powder metallurgy consolidation
possible at much lower temperatures. This is a result of the Gibbs-Thompson effect
under which nanoparticles freely coalesce into agglomerates until the energy of the
agglomerates equals the surface energy. An increase in temperature reactive the
nanoparticle coalescent mechanism, which finally results in complete compact at lower
temperatures. Atomic-scale computer simulations have previously identified a
deformation mechanism, which becomes important in nanocrystalline metals with grain
sizes below 10-15 nm. Instead of proceeding through dislocation activity in the grains,
the deformation occurs by slip events in the grain boundaries, leading to a reverse
Hall-Petch effect, i.e. a decrease in hardness with decreasing grain size.

In most coarse-grained metals, severe plastic deformation leads to grain refinement.
Indeed, severe plastic deformation is often used to generate nanocrystalline metals
with grain sizes down to hundred nanometres. Simulations indicate that those
processes are suppressed in sufficiently small grains, and instead the sliding events in
the grain boundaries dramatically enhance diffusion processes, and lead to grain
coarsening as the deformation proceeds [Sch 04]. Grain boundaries are found to
participate directly in the deformation process of nanocrystalline metals, and at
sufficiently small grain sizes they appear to be carrying the majority of the deformation.

A systematic variation of the mechanical properties with grain size is seen. The metal
becomes harder as the grain size is decreased, but if the grains reached a small
enough size, the critical grain size which is typically less than 100 nm (3.9 x10-6 in),
the yield strength would either remain constant or decrease with decreasing grains size
[Con 00]. This is called the reverse Hall-Petch effect, since the opposite behaviour is
usually seen in metals with larger grain sizes.
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In coarse-grained metals, the plastic deformation is carried by dislocations, and the
grain boundaries act as barriers to the dislocations. Reducing the grain size thus
reduces the mobility of the dislocations, and leads to a harder metal. In nanocrystalline
metals with sufficiently small grain sizes, the major part of the plastic deformation is
carried by the grain boundaries at least according to the computer simulations. It is,
therefore, not surprising that decreasing the grain size leads to a softening of the metal,
as the volume fraction of the grain boundaries increases.

Based on the simulations, one can therefore predict that there should be an “optimal”
grain size, where the hardness of a metal is maximal [Sch 01], as we can observe in
fig.2.13. We can note that grain sizes about 20 nm has the highest hardness, with a
reduction in hardness in case we reduce more the grain size
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Fig.2.13.: Relation between grain size and hardness  [Sch 01]
2.5.3.2 Liquid state mixture of particles

The liquid mixture is made as its name indicates the mixing of ceramic particles in the
aluminium matrix by different methods. One of the ways of dispersing the materials in
the liquid aluminium is to wrap them into an aluminium film. After pouring the metal
over the film, powders are reduced and correctly dispersed in the aluminium matrix
[Miy 73]. The particles that are hard, insoluble and with pin shape are not adequate to
be dispersed in the liquid aluminium, due to their tendency to create defects as pin
holes and tears [Sig 86]. It's beneficial to introduce the powder over an extended period
of time, wrapped in a foil of aluminium [Ban 88].

The reasonably uniform distribution of reinforcement particulates can be attributed to
suitable blending parameters and the high extrusion ratio used in secondary
processing. In theory, homogeneous distribution of reinforcements can be obtained,
irrespective of the size difference between the matrix powder and the reinforcement
particulates, provided a large deformation load is applied during secondary processing.
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However, a limited amount of clustering of reinforcement is unavoidable in this case,
owing to the high surface energy associated with the nanoparticles. Minimal standard
deviation in density measurement results also reflects the uniform distribution of
reinforcement in the synthesized materials. Marginal grain refinement in composite
samples as a result of the presence of particulates can be attributed to:

(a) The ability of nano-size particulates to nucleate grains during recrystallization;

(b) The restricted growth of grains due to grain boundary pinning. There is also an ideal
percentage of nano-reinforce.

Results are better for nano than micro reinforcing particles. Nanoclusters are formed in
the initial stage of the phase decomposition and play very important roles in producing
nanoprecipitates. Micro alloying elements are also expected to modify the
nanostructures of aluminium alloys. Nanoclusters act as useful nucleation sites for
precipitates inside the grain and near the grain boundaries [Sat 06].

TiB, and Al,O; crystals are insoluble in aluminium. Rapid cooling must be got for
avoiding crystal to increase its size. If TiB, crystal have a measure < of 1 um, it don't
increase their size, maintaining their dimensions at high temperatures in long periods of
time [All 74]. If matrix grains are smaller than 30 um, TiB, crystals are very well
dispersed, due to the abundance of grain borders and also by the dispersion of same
TIB, particles inside the grains.

In our case we have elected the stirring method. Aluminium and reinforcement particles
are ball milled and cold pressed. In order to get a better distribution of nanoparticles in
the liquid aluminium a vigorous stirring process is employed.

AlLO; crystals are excellent insulators. They have large band gap energies (EQ), i.e.,
Eg(Al,O3) =8,8 eV. Electrons in these oxides are strongly localized and the production
and diffusion of ionic defects in the oxides are limited. Therefore, long-range charge
transfer and ion transport do not occur in those oxides at relatively low temperature
(e.g., <1.000 °C). Metal interactions with these insulating oxides are often confined to
the interfaces, which only involve oxide surface atoms and metal atoms in contact with
the substrate surface. The interactions are strongly dependent on the surface
properties of oxide substrates. Surface stoichiometry, surface finishing, and surface
defects are the most important factors influencing the metal—oxide interactions.
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Among the various polymorphs of alumina, corundum, a-Al,Os, is the most stable
phase and has been subjected to extensive studies. In particular, the
crystallographically simple and energetically stable a-Al,03(0001) surface offers a good
playground for understanding of insulating oxide surfaces and metal-Al,O; interactions.
Alumina surfaces are often prepared by mechanical polishing, ion sputtering, and
annealing. Naturally, different surface preparation processes result in various surface
properties, which, in turn, may cause different behaviours of metal growth on these
surfaces. The most stable structure of Al/AlL,O; interfaces is reached for metals on the
oxygen terminated surface as long as the oxygen chemical potential is above a critical
value. Many theoretical results show that hydroxylation of the clean a-Al,O3(0001)
surfaces may result in a further lowering of the energy of those surfaces. The above
mentioned O and Al terminated surfaces are expected to be reactive to water.

The theoretical results of metal interactions on alumina surfaces rely on the choice of
the surface termination (Al-terminated or O-terminated), calculation models (cluster or
slab) and metal coverage (isolated atom or metal film). The bonding between the
metals with small Pauling electro negativity and Al,O; is mainly ionic. Abs initio
calculations of bonding at Al(111)/a-Al,0O5(0001) interface also indicate that AI-O bonds
constitute the primary interfacial interaction. The bonds are very similar to the cation—
anion bonds found in Al,O3; bulk and are mainly ionic. Various surface science studies
have confirmed that oxidation reactions can happen between metals and a-Al,03(0001)
surfaces near room temperature. In the oxidation, reactions are strictly limited to the
interfaces. Subsequently, metallic over layers will develop with metal coverage above 1
monolayer. The results clearly show that all of the interfaces are atomically sharp and
no interface reaction phases thicker than a monolayer have been observed.

The results indicate that only those metal and atoms right at the interface, which are in
contact with surface oxygen, became oxidized. Alumina has a high thermodynamic
stability (AH°f ~ —600 kJ mol™ ) and oxygen diffusion in the crystal is highly limited. The
oxidation of metal multilayer may be either thermodynamically impossible or/and
kinetically limited [Fu 07].

Aluminium oxide nanoparticles have important applications in ceramic industry and can
be used as an abrasive material, in heterogeneous catalysis, as an absorbent, a
biomaterial and as reinforcements of metal-matrix composites (MMCs). In order to be
used for effective discontinuous reinforcements in a continuous metal—matrix, Al,O3
particles have to fulfil certain structural and morphological requirements: small particle
size and narrow size distribution, large surface area, spherical morphology and the
absence of agglomerates. As far as the hot wall aerosol synthesis method (Spray
Pyrolysis), as basic chemical route for obtaining advanced materials, is concerned, it
offers several advantages in the preparation of well-defined oxide powders over
conventional synthesis [Mar 08].
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Reducing the sizes of low dimensional materials leads to dramatic increase in the
portion of surface/interface atoms. The properties of a solid are essentially controlled
by related surface/interface energies. Although such changes are believed to dominate
behaviours of nanoscale structures, little experience or intuition for the expected
phenomena, especially for the size-dependence of the energies and their practical
implications, are modelled analytically. The classic thermodynamics as a powerful
traditional theoretical tool is used to model different bulk interface energies and the
corresponding size dependences. During the modelling, an emphasis on size
dependences of the interface energies is given, which is induced by size dependence
of coherent energy of atoms within nanocrystals. It is found that solid—vapour interface
energy, liquid—vapour interface energy, solid—liquid interface energy, and solid—solid
interface energy of nanoparticles and thin films fall as their diameters or thickness
decrease to several nanometres while the solid—vapour interface energy ratio between
different facets is size-independent and equals to the corresponding bulk value.
Predictions of the established analytic models without any free parameters, such as
size and temperature, dependences of these four kinds of interface energies and
related surface stress, correspond to experimental or other theoretical results. The
established models are suitable for low dimensional materials with different dimensions
and different chemical bond natures. Moreover, several related applications in the
fields of nanophase transitions, nanocrystal growth, and self-diffusion of liquids are
known [Jia 08].

In our case, the election of Al,O3; has been done in order to have as we have note before a
small particle size and narrow size distribution, large surface area, spherical morphology
and the absence of agglomerates in order to have an effective reinforcement. All these
aspects are cover with the 15 nm y Al,O; and 40 nm a Al,O;, because they have a
spherical morphology and a very narrow size distribution. In the case of TiB,, we have not
so rounded patrticles, with 3 different dispersion curves, but the most important distribution
if about 500 nm. However, the particle size is smaller, due to the differences in size

measure due to agglomeration.

Page 47 of 157



Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure

and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 3: EXPERIMENTAL PROCEDURE

CHAPTER 3: EXPERIMENTAL PROCEDURE

Page 48 of 157




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure

and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1 Introduction

High pressure die casting (HPDC) is a foundry process that belongs to the family of
metallic die casting technologies, in which a metallic die (Normally H11 or H13 steel)
are used to produce complex parts. The metal is feeded inside the cavity, and during
the solidification, a pressure is applied in order to decrease the porosity, to feed all the
part and to decrease the lineal contraction (From 1.5% to 0.7%). Dies are submitted to
thermal cycles, due to the heat transferred from injected metal to the die. In order to
avoid the metal to get stuck in the die, lubricants and cooling lines are employed, and
finally thermo-regulating the temperature of the die. The HPDC has been selected to
carry out the study of the influence of TiB, or Al,O3 reinforced metals as it's a very
attractive way of mass production of MMC components. On the one hand, it's possible
to cast near shape components that reduce machining operations (Very important to
avoid the wear of toolings when they work with ceramic reinforcements). On the other
hand, it's also a very suitable foundry technology to produce high quality automated
mass productions with a very quick and inexpensive process. The final cost may be
compensated by the production of big series (Due to the very expensive dies employed
in the process) and by replacing materials more expensive or with higher density.

The industrialization of MMC by HPDC has in the other hand the problem of getting a
good distribution and wettability of reinforcement particles. Same intents to get MMC’s
by HPDC infiltration of performs are being investigated, but some problems as the
good infiltration and the fixation of performs to die must be overcome [Kau 07]. The
number of publications dealing with MMCs processed through HPDC is low, in
comparison with semisolid or molten metal injected by HPDC. The literature is based in
Die casting of MMC by the liquid metallurgy and by mechanical alloying and sintering.

3.2 Selection and acquisition of materials
3.2.1 Introduction. Selection of materials

The reinforced materials employed for this work are not all commercially available and
are produced at lab scale for research related projects or industrial casting trials. They
are based on the Al Si9 Cu3 Fel aluminium alloys to which up to 1 wt. % TiB, or Al,O3
nanoparticles were incorporated to improve their performance. The Al Si9 Cu3 Fel is a
hypoeutectic aluminium-silicon alloy. The castability of the alloy for die casting is quite
good, but alloys with increased Si have more fluidity.
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In order to have a common nomenclature in the next sections, we define the different
reinforced alloys as:

1) 0.2 wt.% SHS TiB, reinforced alloy. 500 nm of average size.
2) 0.2 wt.% Commercial TiB, reinforced alloy. 500 nm of average size.
3) 0.17 wt.% a alumina reinforced alloy. 40 nm of average size.
4) 0.1 wt.% y Alumina reinforced alloy. 15 nm of average size.
3.2.1.1 TiB,

TiB, particles are commercially available and have been produced by the Momentive
performance materials company, by using a continuous chemical process that controls
the stoichiometry and particle size to create high purity powders. The product is named
HCT-F. The shapes of the processed crystals are flat, hexagonal platelets. They have
a size in the range of 3-6 um (Mesh -325). The surface area is 1.0 (m*g). Also SHS
produced TiB, has been produced at Tecnalia, with a TiB, grain smaller than 5 uym. As
the minimum particle size is of 0.5 ym, and the desired shape is not the platelets, a dry
ball milling process with stainless steel balls and a wet high energy ball milling has
being made in order to decrease to a nanometric size and to round the TiB, patrticles,
with SHS and commercial TiB, particles. There was not any nano TiB, commercially
available at the beginning of this work.

Selection of materials and processing method for SH S TiB,

The employed equipment for SHS reaction is composed by a mixer, a briquetting tool,
an SHS reactor and generator, and a ball milling device, as we can observe in Fig. 3.1.
We can see the process: 1) Aluminium and TiB, particles are mixed in a mixer
machine, 2) they are cold pressed, obtaining a briquette that is placed in reaction base,
3) Vacuum is made in the reactor, 4) the electric generator gives the necessary
electrical discharge for start the SHS reaction, 5) a master alloy is obtained and 6)
finally is milled to reduce its size.
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Cold Press

Mixer

Reactor Generator

Ball Milling

Table 3.1: SHS process.
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We can observe in Fig. 3.2. how the SHS reaction provides the formation of an
Aluminium matrix with TiB, particles and porosity from the cold press Ti, Al and B
particles. The reaction is self propagated in along the master alloy. In our case, it
doesn’t matters porosity inside the matrix, because we use the obtained product to
produce ceramic particles by ball milling.

oTi e Al oB Ti Bo
Porosity
SHS
..:..:: () Reaction 0025 ao
o 8008 S - S
O oo, 8
O O '& Al

Figure 3.2.- Schematic SHS Reaction with initial re  active powders and obtained
phase products

Several trials have been developed in order to obtain the master alloy with good
characteristics but at a better price. 1) Commercial Titanium with a size up to 1 mm and
96.06% commercial Boron with and average patrticle size of 0.6 yum has been tried in
order to decrease the raw material price; 2) Reaction without reactor in air or with
argon supply in order to eliminate the reactor and high vacuum process; 3) The
introduction of Na ClI/ K ClI to improve homogeneous dissolution and the introduction of
KBF4 and Na2B40O7 as an economical boron source. The main reactions involved in
the SHS process are[Nik 00],[Li 03]:

3 Al + Ti— AlgTi
Tl + B — TlBg

Or:
3A+2Ti+ 2B — AlTi + TiB,

In the Table 3.1. we can observe how there is a maximum limit about the 30 wt.% of
aluminium to react, how it's possible to make the reaction without reactor and in Table
3.2. what are the products obtained by the reactions. In order to characterize the raw
materials and the obtained products we have employed different equipments. First we
have study the raw particles and reactions with the EDS and SEM. In order to
determinate the composition and structures we have employ the XRD, obtaining the
product composition.
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Composition (%Wt)
Reference Ti B Al Mo NaCl/KCl | KBF,4 Na,B,O0; | d(mm) | P (ton) | Gas P ( bar) Result Milling
Ti B with reactor 69 31 25 10 2 Reaction 8h
Ti fine B 30% Al without reactor 48,2 21,8 30 Reaction
Ti gross B 30% Al without reactor 48,2 21,8 30 Reaction
Ti B fine without reactor 69 31 Reaction
Ti B fine without reactor with Argon 69 31 Reaction
Ti B gross without reactor 69 31 Reaction
Ti B fine Al 50% without reactor 34,5 15,5 50 25 10 2 No reaction
TiB-1 with gross Ti 48,2 21,8 30 25 10 2 Reaction 8h
TiB-2 with gross Ti 44,8 20,3 27,9 7 25 10 2 Reaction 8h
TiB-3 with gross Ti 47,7 21,6 29,7 1 25 10 2 Reaction 8h
TiB-4 Ti fine 47,7 21,6 29,7 1 25 10 2 Reaction 8h
TiB-5 Ti fine 18,2 41 30 47,7 25 10 2 R‘jvif:gogr;‘jsrt:lg‘g
TiB-6 Ti fine 34,5 15,5 50 25 10 2 Reaction
TiB-7 Tifine 20,7 9,3 70 25 10 2 No reaction
TiB-8 Ti fine 22,4 5 30 42,6 25 10 2 No reaction
TiB-9 Ti fine 28,5 6,4 38,1 27 25 10 2 No reaction

Table 3.1.: SHS processed materials and reaction re  sults.
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Material composition

Results

Al 30% wt. with fine Ti +

boron without reactor

We can observe the formation of Al,TiOs, Gibbsite Al,Os. 3H,0, TisOs and TiB,,
but Iot of the Titanium combines with the Oxygen. Aluminium is dispersed in
the matrix.

Al 30% wt. with gross Ti +

boron without reactor

We can observe Rutile (Ti gg9202, Al,TiOs) and TiB,. There is not a pure
aluminium matrix.

Ti fine + B without reactor

A ceramic matrix of TiB, and TiB is formed, with particles size of about 5
microns.

Ti fine + Boron with argon

and without reactor

A TiB, matrix is observed, with same Rutile TiO, and TiB. Particle size is quite
inhomogeneous, but with a media of 10 microns approximately.

Ti gross + Boron without

A TiB, matrix can be observed, and also free boron and rutile (TiO,). Particle

reactor size is about 10 microns.
In the XRD, KAIF, is analyzed and apart also Aluminium and TiB,. Not TiB or
KBF, are observed. The structure is the fused matrix. When the salt melts, it
Ti+ B +KBF,

covers everything, also formed TiB, particles, with a particle measure less than
5 microns. The main size of particles is smaller than 1 micron, with
agglomerations.

Al 30% wt. +Ti + B +Mo
7%

We can observe by XRD TiB,, Aluminium, metallic Mo, Al;Ti and AlsMoTi
phases. Some aluminium particles covers with fine ceramic particles are also
observed. The ceramic particles have a measure minor than 5 microns.

Al 30% wt. +Ti+ B

Particle size smaller than 2 microns. It contains TiB,, Al and Al;Ti. Quite big
aluminium particles covered with ceramics are observed.

Al 30% wt. +Ti fine+ B +
Na Cl/ K Cl 1%

We can observe that we obtain Ti B,, Al, and AlsTi covered aluminium with
particles size smaller than 5 microns of TiB,, and same areas with fused salts.
Not salt compounds are detected in the RX diffraction analysis.

Al 50% wt. +Ti+ B

Aluminium and TiB, are observed. No Al;Ti is detected. Aluminium matrix with
TiB, particles size smaller than 0,5 microns. Some plate like structures are
detected, probably deformed aluminium.

Table 3.2: SHS Results of TiB , reinforcement reactions.

We can resume that TiB, and master alloys can be produced from gross industrial
materials, and for some applications, no reactor is necessary. Some Ti oxides are
formed when the reaction is made out of the reactor, but those particles in reaction with
molten aluminium they can act also as reinforcements. The quantity of oxides is
relatively low and is concentrated in the external surface of samples. Near all the Ti
and B reacts to produce TiB,, and in the cases where there are supplementary Ti, this
Ti reacts with aluminium to give TiAl;, with not free boron detected.
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Industrial (Gross) Ti + B with reactor:

When we made the SHS reaction under vacuum with commercial Ti and B, we can
observe in our experiment that only TiB, has formed, with a grain size smaller than 10
microns, and an average size of about 5 microns. In comparison with SHS reaction
with fine Ti and B, created particles are bigger, because with fine particles TiB, grains
produce smaller TiB, grains of about 1-2 microns. We can observe that particles are
brittle, with sharp edges with porosity in the created structure. Also very fine patrticles,
in the nanoscale around the formed particles are observed. In Fig. 3.3 we can observe
how the broken area shows a brittle fracture in two different areas.

Figures 3.3: SEM images of TiB , obtained by SHS with reactor.

SHS Ti B, wet high energy ball milling

After the SHS process, ceramic SHS performs must be broken, which will induce
particle size decrease. As the ceramic particles are reduced, particles have a rounder
shape, increasing the possibilities to increase wettability and properties of the
reinforced alloy. After 6 hours of high energy ball milling, TiB, particles are smaller, with
an average size about 500 microns, but with lot of particles under 400 microns (Fig.
3.4)
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Figures 3.4: Particle size distribution of TiB  , obtained by SHS with reactor.
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Lot of particles are formed by agglomeration of lot of particles, having a structure
similar to black berry structures. As we can see in the size determination there are
same particles that still remains with a size of about 8 um, but it volume percentage is
very small (<0.5%), as we can see in Fig. 3.4. In Fig. 3.5. we can observe how very
fine particles cover the biggest particles.

.

Figures 3.5: SEM images of SHS milled materials.

Very similar results are got with commercial TiB, after 6 hours of wet high energy ball
milling in comparison with the SHS produced particles, as we can observe in Figures
3.6. We can notice how again particles are much rounded, because of milling, and are
also agglomerates.

Figures 3.6.: SEM images of commercial milled mater ials.

Nanosize Ti B , milled with aluminium with steel balls and contain er:

In order to have a better dissolution and distribution of TiB, particles in the molten
aluminium, the ceramic particles were milled with pure aluminium with steel bars in a
steel container connected to land. That process was made with the idea of breaking the
agglomerates and distributing them over the aluminium surface homogeneously. We
can observe in Figures 3.7. how aluminium particles get covered with TiB, uniformly,
with incrusted TiB, particles in the aluminium grains. Aluminium particles got a rounded
shape, due to the plastic deformations in the ball milling process.
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Aluminium |
grains

TiB,
particles

Aluminium

grain

Figures 3.7.: SEM images of Nano commercial TiB  , milled with aluminium.
3.2.1.2 Al,O3

Knano (Divn. Of K Impex — Canada) nano-Al,O; are commercially available, with the
reference MKN-AI203-A040 for a- Al,Os; 99.5% pure, with and APS: 40nm and MKN-
AL20-Go15 reference is y-Al203 99.5% pure, with an APS: 15 nm. Pure a and y-
Alumina with a size of 40 nm and 15 nm has been chosen because they cover the
most used nanoparticles and the average size is near the ideal for getting the best
performance. a alumina is a stable phase and y-Alumina is metastable, but it's the
most stable between the different alumina phases. It's not expected any change of
phase of y-Alumina. Difference in behavior can be observed between a and y
nanostructures.

3.2.1.3 Al Si9 Cu3 Fel

The Al Si9 Cu3 Fel alloy is the most popular aluminium alloys in HPDC (70%),
because of the excellent combination of properties that it presents. It is also known as
A380 or EN AC-46.000. Its castability is very good thanks mainly to its silicon content
and its small solidification interval. It is heat treatable, even though it “s normally used
in the as cast condition. It is one of the casting aluminium alloys for which more
experimental data is known and it is extensively used in the HPDC foundries. The table
3.1. shows the composition range for this alloy, and the figure 3.3. the phase diagram
[Zol 07]:

Element Si Cu Fe Mn Mg Zn Ti Al

wt. % 8-11 2-35 |Max.1.2| 0.1-0.5 | 0.1-05 Max. 1.2 Max. 0.15 | Balance

Table 3.3.: Typical composition ranges of the Al-Si 9Cu3 alloy [Din 10].
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The Al-Si phase diagram presents several specific features, as we can see in Fig. 3.8.
The eutectics formed by Si and a- aluminium are one of the main distinct aspects. The
eutectic composition is around 12.6% of Si and its formation takes place at 577°C.
Furthermore the presence of silicon particles has a great influence on the properties
and behaviour of the material as it controls the fluidity of the alloys as well as their
mechanical properties.
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Fig. 3.8: Al -Si phase diagram [Zol 07]

The solidification and microstructure of the Al Si alloys have been deeply studied. The
microstructure is characterized by a-aluminium solid solution dendrites and the needle
shaped eutectic network formed by a-Al-Si. There are, depending on the alloy, also
black dispersed Mg,Si phases as well as a (AlFeMnSi) phases. Other shapes that can
also appear are the B-AlsFeSi dark needles and AlFeMnSi more light Chinese /
skeleton type structures, as we can observe in Fig. 3.9.
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Fig. 3.9: Fe phases determination
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The mechanical properties of the Al-Si9Cu3 alloy depend on multiple variables such as
foundry process and parameters used, composition, use of silicon grain modifiers and
a-aluminium dendrite refiners, purity of the alloy, porosity levels and thermal treatment
(Normally not used). The standard properties for Al-Si9Cu3 alloy in the DIN 1706
standard are as follows (Minimum values of standards):

As cast HPDC: UTS:240 MPa YS: 140 Mpa Elongat ion: <1%

There are different possible thermal treatments that have been applied to this alloy.
The T6 treatment is the most commonly used and has not been selected in the present
work because it causes to appear the porosity in the surface of the parts (Blistering). In
this case, the hardening effect is attained through the solid solution and quenching
treatment followed by an artificial ageing. There is not information on Al-Si9Cu3
reinforced with nano-Ti B,. There is also no information about Al-SI9Cu3 with nano-Al,
O; fabricated by the liquid metallurgical process.

Acquisition of the alloys

The alloys were produced by Tecnalia, with Al Si9 Cu3 commercial Befesa aluminium
alloy as matrix. Their composition is based on the Al Si9 Cu3. The nanoparticles have
been created ex-situ and pulled into the alloy. The Table 3.4. presents the composition
of the alloy as supplied by Befesa Aluminio, that it's the real composition before the
addition of nanopatrticles.

Element

Si

Cu

Fe

Mn

Mg

Cr

Ni

Zn

Ti

Pb

Sn

Sr

Al

wt.%

8.4

1.56

0.7

0.13

0.03

0.03

0.047

0.94

0.04

0.05

0.01

88.063

Table 3.4: Composition of the Al-Si9Cu3 alloy emplo

3.3 Production of reinforced alloys and setting up

yed base alloy

of the casting processes

Because the price of HPDC trials is high, in order to test the behavior of materials,
those are measured first in a metal die casting die and after adjusting the composition
to the most suitable, parts have been made in the testing HPDC die of Tecnalia, to
produce different test bars, in order to cover the necessary trials to get the
characterization of materials. The DC process provides also better metallographic
samples in order to study the phases and structures of the alloy.

Page 59 of 153




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure

and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 3: EXPERIMENTAL PROCEDURE

3.3.1 Production of components and samples

First trials were made by melting the aluminium alloy in a 3 Kg induction furnace,
stirring and pouring of “Ex-Situ” prepared nanopatrticles. In order to get the TiB,
nanoparticles in a size below 0.5 ym, 3 different systems has been probed:

1) “Momentive” bought particles + ball milling; 2) SHS TiB, produced at Tecnalia + ball
milling and 3) SHS TiB, (70%) produced at Tecnalia + Al (30%) (As master alloy).

The particles with the nanosizes have been alloyed to the molten aluminium by gravity
and stirring, in a induction furnace with a vessel of 3.5 Kg and a stirring device with a
regulation control up to 2.000 r.p.m. (Mixing rotation speed: 250 r.p.m.).

For the final trials, different compositions and addition routes were tested. Briquettes
made at Tecnalia have a 500 MPa briquetting force, with the aluminium and the
ceramic particles mixed and milled in a steel mill with steel balls connected to land.
Some of them where sinterized by Spark Plasma Synthesis (SPS). Other briquettes
that contain also a 10% of iron powder are briquetted with 5 ton force. Prepared
powders were introduced by stirring in the molten metal, and commercial AlTi5B1 rod
was used as standard refining agent. Protection fluxes were used to protect the liquid
metal from oxidation, leaving up the dross before adding the briquettes. Briquette
dissolution temperature was 720°C, in order to simulate the working temperatures of
HPDC. The briquettes were submerged during 2 minutes in the melt before stirring.
Approximately in 1 minute, the briquettes were dissolved into the melt. After stirring 10
minutes, composition, TP1 and DTA samples were obtained, to establish the
composition, grain size and solidification curve. Prepared material was poured in the
HPDC machine and injected, in order to obtain the test bars for the definition of the
mechanical properties.

The first DC trials have consisted in the study of 18 different TiB, reinforced alloys with
commercial and Tecnalia’s developed SHS-TIB, (Table 3.5). The first 8 samples were
made by introducing the TiB, powders into the liquid aluminium by stirring, with
reinforce percentages from 0.01 to 0.2 wt. %. The second trials were made with of
aluminium reinforced with TiB, particles made from SHS process briquettes. The best
results were obtained with briquettes, that were the elected format for the second DC
trials.
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The developed trials in die casting (DC) are:

Denomination Material Format wt.% of addition
AlSi9Cu3Fel Sample 1
0.01 wt.% SHS-TiB, SHS Powder 0.01
0.05 wt.% SHS-TiB, SHS Powder 0.05
0.1 wt.% SHS-TIB, SHS Powder 0.1
0.2 wt.% SHS-TIB, SHS Powder 0.2
0.01 wt.% Commercial TiB, Commercial Powder 0.01
0.05 wt.% Commercial TiB, Commercial Powder 0.05
0.1 wt.% Commercial TiB, Commercial Powder 0.1
0.2 wt.% Commercial TiB, Commercial Powder 0.2
0.01 wt.% SHS-TIB, SHS Briguette 0.01
0.05 wt.% SHS-TIB, SHS Briquette 0.05
0.1 wt.% SHS-TIB, SHS Briquette 0.1
0.2 wt.% SHS-TIB, SHS Briquette 0.2
0.1% AITi5B1 (AISi9Cu3Fel) Commercial Rod 0.1
AlSi9Cu3Fel Sample 2
0.01 wt.% Commercial TiB, Commercial Briquette 0.01
0.05 wt.% Commercial TiB, Commercial Briquette 0.05
0.1 wt.% Commercial TiB, Commercial Briquette 0.1

Table 3.5.: Die Casting TiB ; reinforced samples

The samples of grey and blue cells were ball milled with iron balls in an iron container

conneted to ground before cold press, and rose briquettes were cold pressed after

mixing without ball milling.

In the second DC trials, 6 alloys were made with briquettes reinforced with commercial

and SHS processed particles, and they were also tested and compared with

commercial AITi5B1 refining rods, with a percentage from 0.01 to 0.1 wt. % (see Table

3.6.). Also in the second trials aluminium powders and TiB, particles were ball milled

with iron balls in an iron container connected to ground before cold press.
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Denomination Material Format wt.% of addition
AISiI9Cu3Fel Sample 1
0.01 wt.% a - Al,O3 Alpha alumina Powder 0.01
0.03wt.% a - Al,Oj Alpha alumina Powder 0.03
0.05wt.% a - Al,O3 Alpha alumina Powder 0.05

AlSi9Cu3Fel Sample 2

Alpha alumina

Briquette

0.01

Alpha alumina

Briguette

0.05

0.1wt.% a- A|203

Alpha alumina

Briguette

Table 3.6.: Die Casting Al ,0;3 reinforced samples

0.1

In the case of DC trials with Al,O3 reinforced alloys, 7 reinforced alloys were made with
the a and y alumina by introducing by stirring the Al,O; powders into the liquid
aluminium, with reinforce percentages from 0.01 to 1 wt.%. 6 reinforced alloys were
made with the 2 compositions with briquettes with aluminium powders and Al,O;
particles were ball milled with iron balls in an iron container connected to ground before
cold press, with a percentage of reinforcing particles from 0.01 to 0.1 wt.%.

From those trials, at least 3 samples have being taken in order to make the mechanical
characterization, and for the HPDC trials, the most suitable composition and
percentages have been applied. Mechanical, thermal and microstructural analyses
have been taken in order to study the properties and the causes. For the HPDC trials
the table 3.6. resumes the materials, formats and percentajes of reinforcements:
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Denomination Material Format wt.% of addition

Sample alloy Al Si9 Cu3 Ingot 0%
Al Ti5 B1 estandar rod Al Ti5 B1 Rot 0,3%
TiB, commercial with 94% Al, Ti:B 2,2:1 relation Commercial TiB, SPS Briquette 0,3%
TiB, commercial with 94% Al, Ti:B 2,2:1 relation and free Ti and B. Commercial TiB, SPS Briquette 0,2%
TiB, commercial with 96% Al, Ti:B 2,2:1 relation Commercial TiB; SPS Briquette 0,2%
TiB, commercial with 90% Al, Ti 69% B 31% relation Commercial TiB, SPS Briquette 0,2%
TiB, commercial with 90% Al, Ti 69% B 31% relation Commercial TiB; SPS Briquette 0,1%
TiB, SHS with 90% Al, Ti 69% B 31% relation Commercial TiB, SPS Briquette 0,2%
TiB, SHS with 90% Al, Ti 69% B 31% relation Commercial TiB, SPS Briquette 0,1%
TiB, SHS with 94% Al, Ti 69% B 31% relation Nano TiB2 SPS Briquette 0,3%
TiB, SHS with 94% Al, Ti 69% B 31% relation Nano TiB2 SPS Briquette 0,15%
80% Al+10% Fe+10% Commercial TiB, Commercial TiB, Briquette 0,2%
80% Al+10% Fe+10% Commercial TiB; Commercial TiB; Briquette 0,1%
TiB, commercial (AISi9Cu3Fel) Commercial TiB, Powder 0,01%
TiB, commercial (AISi9Cu3Fel) Commercial TiB, Powder 0,05%
TiB, commercial (AISi9Cu3Fel) Commercial TiB, Powder 0,1%
TiB, commercial (AISi9Cu3Fel) Commercial TiB, Powder 1%
TiB, SHS (AISi9Cu3Fel) Nano TiB, Powder 0,01%
TiB, SHS (AISi9Cu3Fel) Nano TiB, Powder 0,05%
TiB, SHS (AISi9Cu3Fel) Nano TiB;, Powder 0,1%
10% TiB, commercial+90%Al Commercial TiB; Briquette 0,2%
10% TiB, commercial+90%Al Commercial TiB, Briquette 0,1%
10% TiB, SHS+90%Al Nano TiB, Briquette 0,2%
10% TiB, SHS+90%Al Nano TiB;, Briquette 0,1%
0.01 wt.% a Al,O3 Alfa Powder 0.01
0.01 wt.% a Al,O3 Alfa Powder 0.01
0.05 wt.% a Al,O3 Alfa Powder 0.05
0.1 wt.% a Al,O3 Alfa Powder 0.1
0.1 wt.% a Al,O3 Alfa Powder 0.1
1 wt.% a Al,Os Alfa Powder 1
0.01 wt.% y Al,O3 Gamma Powder 0.01
0.05 wt.% y Al,O3 Gamma Powder 0.05
0.1 wt.% y Al,O3 Gamma Powder 0.1
1wt.% y Al,O3 Gamma Powder 1
0.2 wt.% y Al,O3 Gamma Briquette 0.2
0.1 wt.% y Al,O; Gamma Briquette 0.1
0.17 Wt.% a Al,0; Alfa Briquette 0.17

Table 3.7.: Composition of the Al-Si9Cu3 alloy empl

Page 63 of 153

oyed base alloy




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 3: EXPERIMENTAL PROCEDURE

We can observe in Fig. 3.10. the process employed to make the study of reinforcing the Al Si9 Cu3 alloy, from the mixing of the particles to the final test to
determinate all the properties to study.

Melting and addition of

nanoparticles
v
Mixing
DTA Spectrometric TP1 Test bars
control
\4 \ 4 v v
Cooling curve Chemical Metallurgical Tensile test
composition test
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3.4 Experimental techniques used for the analysis 0 f the results

The different materials (A380, A380 +%TiB, and A380 +% Al,O3) were cast following
the procedure explained in the previous section, with the same working and
temperatures parameters. Specimens were machined from them for tensile tests at
room temperature and 200°C. The equipments and test bar employed are signalled in
Fig. 3.11., including tensile test bars for room and 200°C temperatures, resilience and
dynamic test bars.

Normalized
tensile test at
room

Resilence test temperature

Dynamic test

Tensile test at / |

200°C

Figure 3.11.- HPDC Test bars.

Determination of mechanical properties:

In order to determinate the mechanical properties of the reinforced alloys we have
employed the specimens obtained from the DC and HPDC, employing the Tensile tests
at room temperature and 200°C,
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Determination of microstructure and composition of the components of the
alloys

In order to determinate the microstructure and composition of the different elements,
phases and products we have employ different techniques: AWD analysis (together
with line profile analysis), AFM analysis, SEM analysis, TEM analysis, OM analysis,
Measurement of density and porosity (Water displacement and geometrical
measurement, i.e. volume and weight relation), Chemical analysis, XRD, CTE
measurements, TP1 grain size normalized essay.

The solidification curves of the materials were obtained through a time-temperature
recording system based on the use of commercial sand cups which incorporate a
thermocouple protected by a glass tube. The control system is based on a high speed
signal capturing system connected to a computer, were the signals are processed by a
specific programme developed at Tecnalia. In order to determinate the solidification
curve, a commercial sand cup with a centerd thermocouple was connected to the
control system. The pouring temperature, 710°C, was controlled by a thermocouple
connected to the furnace automatic temperature control system. Signals were
registered every 1 second, obtaining the T/t curve. Curves were studied in combination
with their first 5" derivatives curves, with a proper escalation ad smoothening of
curves. Solidification curves gives very interesting information, as the solidification rate,
grain and SDAS size, kind and temperature precipitation of metallic precipitations, and
of course the correct or not nucleation and modification of the alloy. In order to
determinate the nucleation and modification effect, solidification and their derivative
curves gives very interesting parameters, as nucleation temperature, undercooling and
solidification time.

DTA has been employed normally for alloys employed in others process different from
HPDC, and in the case of castings especially in the study of A356 alloy and the A356
reinforced alloys. Those studies show a reduction of the latent heat and solidification
time, with a better nucleation [Egi 07].

Solidification of the SHS- TIB , and nano-Al ,Os; reinforced alloys

The aluminium alloy solidification curves obtained with the AI-Si9Cu3 base and
reinforced alloys together with their derivative curves will be analyzed in order to
determinate their differences. All the materials have been cast in the same conditions,
sand mould temperature at 20°C and casting temperature 710°C. The casting step has
been controlled so that there were no differences in the casting parameters and
procedure. The repetitively of the test has being checked in order to validate the
process. We can observe in Fig. 3.12. the sand cup with the thermocouple and
connection wire.
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Sand cup
Molten
Aluminium Connection
wire

Thermocouple
connectors

Figure 3.12.- Commercial sand cup for DTA determina  tion

Determination of microstructures and compositions.

In order to determinate the microstructures and phases we have employed different
equipments. OM gives us the microstructure, grain size and determination of main
phases, SEM+EDS gives as the same information, but also the composition of the
different phases and structures. TEM+EDS has been employed to the determination of
the differences between the peripheral and central area. TEM samples were prepared
through conventional thin film preparation: cutting, mechanical grinding and ion milling.
After ion milling, the observable regions for TEM have thickness smaller than 50 nm. It
has to be mentioned that the TEM observable areas are very small in compare with
SEM areas. Having this in memory 2 things can be mentioned:

1. The microstructure analyzed by TEM are not easily directly correlated
with global microstructure of the composite materials
2. Due to the very small volume concentration of both reinforcement (TiB,

and Al,O3), to the hardness difference and therefore ion milling rate
between matrix and reinforcement the analysis of area with both matrix
and reinforcement is very difficult. Indeed, we have not been able to
analyze any of this area for both samples. Therefore, all of the analyses
are strictly associated with the microstructure of the aluminium-alloyed
matrix.

Energy Dispersive Analysis (EDS) analysis has been associated with TEM analysis in
order to map the distribution of the elements presents in the analysis zones (Oxygen,
Aluminium, Silicon, Iron and Copper). Diameter of the EDS spot is close to 2 nm and

analysis step on X and Y close to 4 nm.
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Determination of TiB , nanoparticle size distribution:

In order to determinate the particle size distribution, laser (Also MALS and AFM)
measures have been determinate. The average measure of the particle with the laser
is 690 nm, but there is an agglomeration of the particles that don't let to define exactly
the real size of the particles. Also a big percentage of particles (About a 30% of total
particles) are below 200 nm.

Density

The density of the composite materials have been measured with a Mettler AE240
precision balance, with the measure of the samples in air and in water (Archimedes
determination). Samples were taken from TP1 obtained samples, similar to a die
casting with a high cooling rate.

Electrical conductivity

The electrical conductivity has been tested with an Autosigma 3000 electrical
conductivity meter of GE Inspection technologies. The equipment is posed over the
sample and it automatically gives a value in %IACS (International Annealed Copper
Standard). The %IACS value is %100 for copper, so the higher %IACS in the sample,
the more conductive the material is.
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4.1 Introduction

The study of the solidification and the microstructures of the alloys with and without ceramic
particles as reinforcement should provide the necessary information to determinate the influence
of nano TiB, and nano Al,O; particles. Indeed, the direct relation between the microstructure and
the alloys properties, give the clues to understand the differences in the mechanical, electrical
and thermal properties of nano-reinforced alloys in comparison with the unreinforced alloys,
which will be developed in chapter 5.

The HPDC casting process used to produce the different samples is characterized by a high
solidification rate due to the high thermal conductivity of the metal that is used to build the
moulds, in comparison with the thermal conductivity of sand or ceramic moulds. Ceramic
particles such as TiB, and Al,O; have a strong influence on the solidification and final
microstructure of the alloys, as they creates nucleus , nucleating and modifying the solidification
parameters, variating the temperatures and composition of the formed intermetallic phases.
When they are added externally, in the form of ceramic particles, they tend to agglomerate, in
order to reduce the free energy of particles. They can be detected in the nucleus of the grains,
when acting as nucleus, but normally they are pushed toward the grain boundaries, during the
solidification process. We should expect to have the same behavior by addicting the ceramic
particle, but as much as they are in the nano-scale, different properties are expected, including
the decrease of grain size and SDAS. [58-60, 65]

The first study is related with the solidification , and has been done employing the Differential
Thermal Analysis (DTA), with the aid of a computer controlled acquisition device that provides
Temperature / time registration. The equipment takes the information from the thermocouple
placed in the center of a commercial sand cup employed for DTA determination. Temperature is
controlled from the pouring temperature to the finish of solidification and intermetallic
precipitation, having a frequency of measuring of 1 measurement per second. The T-t curves are
registered, and scale and softening of curves are adjusted to permit to detect clearly the different
points in the curves. The derivatives of the solidification curves are employed to determinate the
parameters in relation with the nucleation, modification and intermetallic precipitation. The
derivative of each point in the curve corresponds to the cooling rate of the material. An increase
in the derivative is a decrease in the solidification rate, so a new phase releases latent heat.

The study of solidification curves provides the information to determinate the influence of TiB,
and Al,O; reinforcement particles on solidification, modification and precipitation. The second
part is the analysis of the microstructure and chemistry of the reinforced alloys, and the
comparison with the unreinforced materials. Optical Microscopy (OM), Scanning Electron
Microscopy (SEM), Wavelength Dispersive Spectroscopy (WDS) and Transmission Electron
Microscopy (TEM) techniques have been used to analyze the microstructure and the chemistry
of the composite materials. The analysis of the information collected from the obtained
micrographs and the comparison with the microstructure of the corresponding unreinforced alloy
provide the necessary information to explain the behaviour and properties of the reinforced
materials.
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4.2 Influence of TiB , and Al ,O3 particles on solidification

4.2.1 Introduction. Solidification curves

The study of the solidification curves shows the effect on grain refining and alloy modification.
When there are not heterogeneous nucleation sites, the metal solidification curve shows an
undercooling area (ATry). Instead, where impurities or homogeneous nucleation is activated, as
shown in Fig.4.1. If the grain refining provides enough nucleation sites, solidifications goes with
low or not undercooling [Kas 01], providing a fine grain size.
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Figure 4.1.- T=f(t) curve aspects and key parameter s in nucleating zone.
The parameters represented in Fig. 4.2 are explained in Table 4.1. and Table 4.2.:
Nomencl. Parameter Effect
Start of primary a -Al dendrites nucleation temperature. Beginning
: o temperature of a series of nucleation events. There is a correlation
Tn Nucleation temperature (°C) . o . . i
with grain size only at high cooling rates. If the value increases,
the grain size decreases [Iba 99].
Unsteady state growth temperature. The temperature beyond
which the newly nucleated crystals grow to such extent that the
1 Maximum undercooling temperature latent heat liberated surpasses the heat extracted from the
v (°C) sample. One of the best correlations with grain sizes. The
maximum density of heterogeneous nucleation is reached.
Increasing the value, reducing the grain size.
1 Maximum recalescence Recalescence of steady state growth due to release primary a-Al
R temperature (°C) dendrites.
If this value (undercooling) tends to zero, they are sufficient
ATgru Temperature variation Tg— Ty (°C) favorable sites for nucleation. The grain size decrease if the
undercooling value decreases.
ATnu Temperature variation Ty— Ty (°C) Not as good correlation as ATg.y
ATNR Temperature variation Ty— Tr (°C) Not as good correlation as ATg.y

Table 4.1.- Temperature key parameters significatio

n in nucleating zone.
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Nomencl. Parameter Effect
Liguidus undercooling duration. Good correlation with grain size.
ty Recalescence duration (sec.) The grain size decreases if the value decreases. Related to grain
growth. Not affected by thermocouple calibration.
: . Indicate the beginning of several nucleation events. Correlation
Time between nucleation and . Y L :
t, o problems with grain size. The grain size decreases if the value
beginning of recalescence (sec.)
decreases.
. . Determinates the duration of recalescence, and has only good
Time between nucleation and end . : o -
ts correlation at fast cooling rates. The grain size decreases if the
of recalescence (sec.)
value decreases.
to bt Nucleation, recalescence starting Correspondent times of Nucleation, maximum undercooling and
N, U, 'R

and recalescence end times (sec.)

maximum recalescence temperatures.

Temperature 4

Table 4.2.- Time key parameters signification in nu  cleating zone.

We can observe the different structures that we can get from the cooling curve in Fig. 4.2, with

two different areas, the Area 1 (nucleation zone) and Area 2 (modification zone). In function of

the solidification curves the grain size is fine or coarse in Area 1 and the eutectic has an acicular,

laminate, modified or overmodified structure.

/

ATruy

Area 1

Fine grain (ATr.u~ 0)

Temperature 4
Aciculate Area 2

Laminate

Fibrous - Modified

Overmodified

Coarse grain /

ty

Temperature A

> Time » Time
Area 1 Area 2
Before solidification. Grain Eutectic solidification.
size determination. Modification determination.

/

» Time

Figure 4.2.- Nucleation (Area 1) and Modification (  Area 2) curves and arrests.
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In order to determinate the parameters related to the nucleation temperature, first, second and
fifth derivatives of temperature versus time are used [Spa 10]. Indeed to the small amounts of
heat involved by certain phase transformations, emphasized small heat effects. The times of
beginning and end of recalescence  are the minimum and maximum on the cooling curve, and
can be detected as zeros on the first derivative curve (dT/dt=0). If we represents (-dT/dt),
exothermic reactions move the curve (-dT/dt) up and endothermic down. The exothermic
reactions are caused when the atoms become more ordered, increasing the entropy, giving heat
on cooling. We can observe in Fig. 4.3. the main reactions with the solidification curve and its
first derivative.

Maximum of the T

; 700 - L ; 706
Primary Al derivative — Temperature evolution

nucleation —— dT/dt (Cooling rate)
dT/dt 30 r///
A r 0,4

650 -
Post-eutectic
Eutectic undercooling, reaction CuAd+ L o2
dT/dt>0 Si TAl ’
G 600 M l \ @
S )
[}
g A o T
g 2 Post-eutectic reaction
E 550 T AlgCU+Al5M98CUzSi6+
. g Si +Al
Eutectic'plateau, 02
dT/dt ~0 Al dendrite 2
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£ 0,4
LIqUId —)AI +A| 5FeSi+A|15Mn38i2
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Figure 4.3.- T=f(t) and dT/dt curves with main iden tified reactions
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The solidification rate  (°c/s) is determinate by the first derivative (dT/dt) in the area before the
first arrest, as we can observe in Fig. 4.4. First derivative and successive derivatives has been
calculated as:

dr _T,-T,

dt  t -t
Where T is temperature and t is time. It depends on the material, size and form of the cup the
quantity of heat that can be extracted per second. The solidification rate is expected to be

increased by ceramic particle additions [Egi 07]. In our case, the solidification rate is
approximately 0.16 °C/s.

Temperature
A

Solidification rate — | Primary arrest

(dT/dt) /

> Time

Figure 4.4.- T=f(t) and dT/dt curves with main iden tified reactions

The second derivative is used as a precise indicator of the Nucleation temperature Ty, with a
minimum peak that shows the precise moment when the cooling rate (dT/dt)cc goes upwards,
indicating the start of latent heat evolution, as we can see in the blue line in Fig. 4.5. The second
derivative passes through zero in a positive direction (going up) at the strongest part of the
exothermic (going down) arrest. The nucleation time is defined from the maximum peak on the
second derivative. It's used also to determinate minor reactions, as the formation of iron-rich
intermetallics, AlsFeSi, Aluminium-Silicon eutectic, Mg,Si-Al eutectic and Al,Cu-Al eutectics [Spa

10]. It's expected to have an increase in T, and a decrease of t,, because the addition of ceramic

particles [Egi 07]. — Temperature evolution

700 1 ) \ — dT/dt (Cooling rate)
680 dT2/dt2
660 R
Thno \M\ \ To05
E 640 ~ v , SN
2 620 T05 &
[
g 600 1=
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o
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=
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33 Iy 83 133 183 T
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Figure 4.5.- Nucleation temperature (T ) and time (t ,) determination.
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If we want to determinate the points in the liquidus arrest, we employ 4™ and 5™ derivatives [Spa

10]. The point of stars of liquidus (N) is given by the intersection of the 5" derivative with zero,

as in Fig.4.6. — Temperature evolution

— dT/dt (Cooling rate) — 04
o NN ) — dT2/dt2 |

M N\ — dT4/dt4 lo,
660 1\ — dT5/dt5 -
? T Lo 05
=~ 640 =
g S
3 . =
© 620 02 o
8 2
% 600 04 .g
) &

580 - -0,6

560 -0,8

33 tN 58 | ;33
Figure 4.6.- Point of start of liquidus (N) determi  nation with 5 ™ derivative

In order to determinate the eutectic reaction, we can see in Fig 4.7. what are the employed
characteristic parameters:

Temperature

Unmodified
Modified

TRe

Temax|___ i

Temin [~ r "&Fe-Yr-m-mmmmmmmmmmmm oS

Time

v

L coales { platea

Figure 4.7.- Eutectic reaction characteristic param  eters
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As the temperature of main eutectic reaction in the sample has a higher value, a more acicular
structure is created by the aggregation of nano-particles. Lower eutectic temperature and times
imply better modification [ Nik 11].

If we study the second derivative, we can also determinate very interesting points [Mac 96].

+ The first maximum of the second derivative occurs before the B-phase thermal anomaly.
The second maximum occurs before the eutectic growth. If we want to determinate the
time and temperature of B-phase, we employ the first two maximums of second
derivative.

+ In order to determinate the time and eutectic temperature , that corresponds to the time
between the start of beginning of eutectic growth and the beginning of the post-eutectic
reaction, we use the second maximum and the maximum of second derivative. The end
of the eutectic reaction is the minimum in the second derivative.

The main reactions during the solidification of the AI-Si9Cu3 alloys have been already
previously studied by different researchers [Bac 90],[Zol 07]. The temperature at which the
reactions take place may vary according to the exact alloy composition and process conditions
but the main features of the solidification of these types of alloys have been identified as follows:

1) Preliguidus area with Al;s(Fe,Mn);Si, formation at around 605°C.
2) Development of the a-aluminium dendrites at around 600°C.
3) Precipitation of rich Al Mn Fe based intermetallics around 578-575°C
Liquid — Al + Al;s(Fe,Mn);Si> and Liquid
4) Main eutectic reaction with rich Si and Mn-Fe phases at around 562°C
Liguid —» Al +Si+ AlsFeSi
5) Precipitation of the Mg,Si at around 512-509°C (Only for high Mg percentages)
solid —» Al + Mg>Si
6) Precipitation of the Al,Cu at around 494-476°C
Solid —» Al + AlLCu
7) Precipitation of complex eutectics rich in Al,Cu and AlsMgsSisCu, at around 494-476°C

Solid —» Al + 5i + AlL,Cu + AlsMgsSisCu;
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As we are going to see in the solidification curves in Fig.4.10 to 4.15 , obtained values are near
the calculated interval. With Thermo-calc we can determinate the precipitations of the alloy. In
our case, we show the results for the Silicon and Copper, which are the two main allowing
elements. We can observe in Fig. 4.8. A and B that for our composition, the liquidus temperature
about 550°C and the development of alpha dendrites about 600°C, the eutectic point about

570°C and the Al Fe Si in the Beta structure at 585°C.
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The point of starting of Al,Cu precipitation (A) is determinate by the intersection with zero of 4"
and 5™ derivative, using the 5™ derivative to filter out the zero crossovers due to background
noises. The point of starting of AlsMgsCu,Sis precipitation (B) is determined also as the point
(A), as they are signalled in Fig. 4.9. Another way to determinate the beginning of the post-
eutectic reaction is obtaining the maxima of the second derivative [Mac 96].
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Figure 4.9.- Determination of Al ,Cu and Al sMggCu,Si, Start point and area

We are going to analyse the unreinforced and reinforced alloys in order to compare the
solidification curves. As the percentage of reinforcement in the alloys is low (< of 0.2 wt.%) we
want to determinate the influence over the microstructures and phases formation, what can give
to us the necessary information to interpret why there are the differences in the properties of the
reinforced alloys. As we have mentioned before, the changes on the curves indicates what will
be the internal microstructure of alloys, and also the refining and modifying effect.
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In Fig.4.10. we can determinate the solidification reactions and their temperatures (Second derivative eliminated to simplify). We can observe differences
with the predicted temperatures for reactions during solidification, due to the reinforcement. The differences between the solidification curves can be
observed on Fig. 4.11 to 4.15. The red circle numbers (From 1 to 7) correlates with the explained reactions during solidification of page 74.

. . —— Temperature evolution
Al Si9 Cu3 + 0,15% nanoTiB2 —— dT/dt (Cooling rate)

700

Derivative dT/dt (°C/s)

500

450 T T T T T T T T _0,6
1 51 101 151 201 251 301 351 401
Time (S)
Figure 4.10 .- DTA solidifi cation of Al Si 9 Cu3 + 0.15% nano TiB , sample.
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In Fig. 4.11. we can observe the solidification curve with the temperature evolution y the 1%,2", 4™ and 5" derivatives for the base Al SI9 Cu3 alloy. As we
have seen before, the analysis of the derivatives give us the main solidification parameters and precipitation phases. The obtained results match the results
of the previous literature review for the solidification parameters and precipitation phases. The red circle numbers (From 1 to 7) correlates with the explained
reactions during solidification of page 74.
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Figure 4.11.- DTA solidification of Al Si9 sample.
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TiB, reinforced alloys

In Fig. 4.12. and 4.13. we can observe the solidification curves of TiB, reinforced alloys,

with the temperature evolution and 1% and 2™ derivatives. We are going to study the

variations in the solidification parameters to determinate the refining effect of TiB, particles,

the eutectic modification, the aluminium grain size, the microstructure and the precipitation
phases with their temperatures. The red circle numbers (From 1 to 4) correlates with the
explained reactions during solidification of page 74.
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Figure 4.12.- DTA solidification of 0.2% SHS-TIB
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Figure 4.13.- DTA solidification of 0.2% commercia ITiB, briquette
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The main solidification characteristics __, analysed during this study of the TiB, reinforced

curves are listed in Table 4.3, with an accuracy in the temperature measure of 0.1 °C. We
can observe:

+ An increase of temperature in the Als(Fe,Mn)3;Si, formation of about 10°C. This
increase is related with the incorporation of TiB, to the melt, as explained in the
literature review section, in page 3.

+ An increase in the a — aluminium dendrites development temperature, due to the
refining effect of TiB,, that tends to increase the nucleation temperature an to
decrease the undercooling temperature. The difference in the undercooling
temperature is about 1.5 °C.

+ The temperature of precipitation of Al Mn Fe based inte  rmetallics is also
higher in the reinforced alloys, because the effect of introducing ceramic particles
as reinforcements. The difference variates from 2 to 8 °C.

+ The eutectic reaction temperature is higher also, promoting a more pronounced
acicular structure for TiB, reinforced alloys than the Al Si9 Cu3 sample, with a

variation of 4°C maximum for commercial TiB,.

. . 0.2% commercial
Solidification crystal structures Al Si9 Cu3 0.2% SHS-TIB, TiB,
(°C) (°C) ©c)
Preliquidus area with Aljs(Fe,Mn);Si, formation. Point 1
_ _ 641.9 650.6 648.1
in the graphics.
Development of the a-aluminium dendrites. Point 2 in the
. 582.8 584.1 584.1
graphics.
Precipitation of rich Al Mn Fe based intermetallics
(point 3 in the graphics): 574.9 576.5 582 8
Liguid —» Al + Al;5(Fe,Mn);3Si, + Liquid
Main eutectic reaction with rich Si and Mn-Fe phases
(point 4 in the graphics). 562.2 562.4 566.9
Liquid —» Al +Si+ AlsFeSi

Table 4.3: Main solidification crystal structures o f the Al Si9 Cu3 TiB ; reinforced
alloys obtained from the experimental castings.
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Other main parameters obtained from the experimental curves and their derivatives have
been summarized in the Table 4.4 with an accuracy in the temperature measure of 0.1 °C.
We can observe that:

+ The nucleation (Tn), maximum undercooling (Tu) and maximum recalescence
temperature (Tr) are increased with the TiB, addition. The explanation is that
introducing TiB, as ceramic reinforcement increases these values as seen in the
literature review.

+ The undercooling ATgr.yis lower after the TiB, addition. TiB, particles act as a grain
refiner and the undercooling decreases with the refining of the structure,

+ Comparing the two alloys containing TiB, , commercial TiB, has a better refining
effect.

+ The liquidus undercooling time is higher in TiB, reinforced alloys. That could
suppose a higher grain size. As in the rest of parameters the nucleation is better, we
could expect fine acicular dendrites in the microstructure of the reinforced alloys.

Reference C) | o) | ¢ | o) | cc)y | o) | ® | | ©
Al Si9 Cu3 Sample 649.9 | 582.8 | 580.1 2.8 67.0 69.8 13 24 37
0.2wt.% SHS-TiB, 650.6 | 584.1 | 581.6 2.4 66.5 68.9 17 24 41
0.2wt.% CommercialTiB, 655.1 | 589.3 | 587.3 1.9 65.8 67.8 14 21 35

Table 4.4: Main parameters obtained of TiB , reinforced alloys.

We can see in Table 4.5. what are the controlled parameters in the zone eutectic as
explained in Fig.4.9 with an accuracy in the temperature measure of 0.1 °C. The eutectic
temperature is increased, also the coalescence time is increased but the plateau time is

decreased.
e R TRe Te, max Te, min ATe ATd tcoalesc. 1:e.DIat
Modification () ) o | o | o ) °C)
Al Si9 Cu3 Sample 566.4 562.4 562.2 0,23 4,0 100 90
0.2wt.% SHS-TIB, 566.4 562.6 562.4 0,24 3,8 105 67
0.2wt.% CommercialTiB, 566.2 567.0 566.9 0,08 -0,8 116 86

Table 4.5: Eutectic temperatures and times
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As a conclusion, TiB, ceramic particles acts as grain refiners without an excess of titanium
(About a 0.15% wt.% in the alloy), with an increase in the temperatures of the different
phases and transformations, reducing the undercooling . Very fine acicular structures are
expected in the reinforced samples. A better grain refining effect is expected for commercial
TiB, than SHS-TIB,, but in both cases the SDAS should be smaller.

Al,O reinforced alloys

In Fig. 4.14 and 4.15 we can observe the solidification curves of Al,O; reinforced alloys,
with the temperature evolution and 1% and 2™ derivatives. We are going to study the
variations in the solidification parameters to determinate the possible refining effect of Al,O;
particles, the eutectic modification, the aluminium grain size, the microstructure and the
precipitation phases with their temperatures. The red circle numbers (From 1 to 6)

correlates with the explained reactions during solidification of page 74.
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Figure 4.14.- DTA solidification of 0.1% of gamma A 1,05 briquette
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—— Temperature evolution
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Figure 4.15.- DTA solidification of 0.17% of alpha  Al,O; briquette

The main solidification characteristics of the Al,O; reinforced curves are in Table 4.6 with
an accuracy in the temperature measure of 0.1 °C. We can observe:

+ An increase of temperature in the Al15(Fe,Mn)3Si2 formation of about 10°C. This
increase is related with the incorporation of Al,O; to the melt, as explained in the
literature review section.

+ An increase in the a — aluminium dendrites development temperature, due to the
refining effect of Al,O3, that tends to increase the nucleation temperature and to
decrease the undercooling temperature. The difference is about 6 °C.

+ The temperature of precipitation of Al Mn Fe based intermetallics is also higher in
the reinforced alloys, because the effect of introducing ceramic particles as
reinforcements. The difference variates from 2 to 10 °C.

+ The eutectic reaction is higher in y-Al,O3, promoting a more acicular structure than
in the Al Si9 Cu3 sample. However, in the gamma alumina reinforced alloy this
value is smaller than the non reinforced sample and the structure should be a
modified structure. In the 0.2 wt.% y-Al,O; sample the solidification curve has
practically not a plateau zone with many intermediate reactions, so the

determination of the eutectic point is quite confusing.
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Q) C) C)

Preliquidus area with Al;5(Fe,Mn);Si, formation. Point 1
) ) 641.9 652.0 651.7
in the graphics.
Development of the a-aluminium dendrites. Point 2 in the

. 582.8 589.3 588.7
graphics.
Precipitation of rich Al Mn Fe based intermetallics
(point 3 in the graphics): 574.9 584.8 5772
Liquid —» Al + Aly5(Fe,Mn)sSi, + Liquid
Main eutectic reaction with rich Si and Mn-Fe phases
(point 4 in the graphics). 562.2 567.7 5550

Liquid —» Al +Si+ AlsFeSi

Table 4.6.: Main solidification crystal structures

obtained from the experimental castings.

of the Al Si9 Cu3 based materials

Other main parameters obtained from the curves have been summarized in the Table 4.7.
with an accuracy in the temperature measure of 0.1 °C. We can observe that:

+ The nucleation (Tn), maximum undercooling (Tu) and maximum recalescence
temperature (Tr) are increased with the Al,O3 addition. The explanation is that
introducing Al,O3 as ceramic reinforcement, more nuclei are activated, acting as a

nucleation points.

+ The undercooling ATgyis higher after the Al,O3 addition. In the case of acicular
grains, grains are large in one direction, and could modify the undercooling ATR-U
parameter. Comparing the two alloys containing Al,O; , gamma Al,O3; has a lower
undercooling, but difference between the two alloys is small.

+ The liquidus undercooling time is smaller or equal in Al,Os reinforced alloys than in
sample alloy. That should suppose a smaller grain size. As in the rest of parameters
the nucleation is better unless the undercooling, we can expect also fine acicular

dendrites in the microstructure of the reinforced alloys.
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properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and

Reference C) | o) | «©) | o) | cc)y | O | ® | | ©
Al Si9 Cu3 Sample 649.9 | 582.8 | 580.1 2.78 67.1 69.8 13 24 37
0.1% of gamma Al,O; | g58.6 | 588.7 | 585.9 2.88 69.9 72.8 13 27 40
0.17% of alpha AL,Os | 63.8 | 584.1 | 580.9 3.28 79.7 82.9 10 27 37

Table 4.7.: Main parameters obtained

We can see in Table 4.8. what are the controlled parameters in the zone eutectic as
explained in Fig.4.9 with an accuracy in the temperature measure of 0.1 °C. The eutectic
temperature is increased except the 0.17 wt.% of alpha Al,Os;, how the coalescence time is
increased and the plateau time is decreased.

Modification (1;89) Te(,ocrr:l)ax T%’C";i” (A°-Cr33 (Ao-(l;(; tc&)oaé;c. t(%pcm)t
Al Si9 Cu3 Sample 566.4 562.4 562.2 0.23 4.0 100 90
0.1% of gamma Al,O, 566.4 567.8 567.7 0.15 1.4 150 21
0.17% of alpha Al,Os 566.4 555.6 555.0 062 | 108 145 29

Table 4.8.: Eutectic temperatures and times

As a conclusion, Al,O; ceramic particles act as grain refiners , with an increase in the
temperatures of the different phases and transformations, but without reducing the
are expected also in the Al,O3 reinforced
samples. We can explain why is so difficult to automate the DTA’s analysis for aluminium,
as big changes are detected in the solidification curves with very few percentages of in situ
or “ex-situ” produced reinforcing ceramic particles.

undercooling. Very fine acicular structures

4.2.1.1 Determination of solidification parameters

the alloys

in function of the composition of

It's very interesting to determinate the main solidification parameters without employing
DTA analysis. If we can employ only a mass spectrometer to determinate the alloy
composition, and use the alloy composition to determinate the nucleation time, the Silicon
eutectic temperature and the eutectic Al Si Cu eutectic temperature it would give us a non
expensive method to compare how variations in composition modify the solidification

parameters.
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The liquidus temperature is important to study in order to determinate physical and
metallurgical parameters of the solidifying alloy, as the solid fraction, the microstructure and
chemical composition of the alloy at the solid/liquid interface, the solute super saturation
point, the degree of undercooling... In order to determinate the liquidus temperature of
hypoeutectic alloys they are 3 different formulas [Dju 04]. As the composition is near the
limits of Drossel formula_ (only the Zn is over the <0.63% limit), we employ its formula:

T, =661~ 4975 - 015(S)? - 613Cu—174Mg + 272Zn+ 508CuMg (°C)

If we employ the Vijayaraghavan formula _ based on the aluminium-silicon-copper ternary
phase, we must evaluate that the formula has not into account of the potential influence of
other elements, so its accuracy is not so good:

T, =664-69S - 25Cu (°C)

If we employ the second degree polynomial equations, we can obtain the Liquidus
temperature in function of the silicon equivalent

T o 2% =660452- 6110y S, - 0057 S%°(°C)
Where:
Sgo =9+ S, (Wt.%)

And we obtain the values registered in Table 4.9. in °C with an accuracy in the temperature
measure of 0.1 °C:

Drossel Vijayaraghavan | Sigo Calculated | Experimental
Sample Liquidus Liquidus Liquidus Liquidus
P temperature temperature temperature temperature
(°C) (°C) () ()

Al Si9 Cu3 Sample 598.7 600.3 593.1 591.8
0.2 wt.% SHS-TIiB, 598.3 600.1 592.9 592.2
0.2 wt.% Commercial TiB, 599.8 601.3 593.9 604.3
0.1 wt.% of y Al,O3 599.6 601.1 593.8 595.9
0.17 wt.% of a Al,O3 599.9 601.3 593.9 592.8

Table 4.9.: Liquidus temperature from the Silicon guivalent formula
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We can observe that there are differences between the calculated liquidus temperatures
and the experimental liquidus temperatures, but the most exact formula is the silicon
equivalent, with values very similar to values estimated in this study. So we can employ this
formula for the calculation of Liquidus temperature of non-reinforced alloys, but when we
add TiB, ceramic particles the formulations are not capable of predicting the changes
produced by ceramic particles. We can adjust the Sigq formula to determinate the Liquidus
temperature in order to introduce a coefficient to evaluate the effect of 0.02 wt.% of TiB,
particle additions with the values obtained in table 4.9.:

A-SY X, _ ¢ Xi c Xi 2 )
e s s, =660452- 6110) S, — 0057y SZ," +4.85 (°C)

The calculated maximum eutectic temperature
by the equation suggested by Mondolfo [Mon 79]:

for an unmodified alloy (TR) is calculated

Tre = 577—% (4430, + 1430W,, + 193, + 17, + 300W,,, + 400W,;) (°C)

S

Another way to make the calculation is with the formula proposed by Gruzleski et al [Gru
95]

Tasie= 660.452 — (6.11 Si + 0.057 Si?) (12.6/Si) — (3.4 Cu + 1.34 Fe + 6.3
Mg + 1218.9 Sr— 32965 Sr® — 4.293 Sb + 186.3 Sb? — 495.5 Sb?) (°C)

If we employ the second degree polynomial equations, we can obtain the eutectic
nucleation temperature function of the silicon equivalent proposed by Djurdjevic [Dju 11]:

The obtained results are show in Table 4.10 with an accuracy in the temperature measure
of 0.1 °C.

Mondolfo Gruzleski Sigo Calculated Experimental
Eutectic Eutectic Eutectic Eutectic
Sample nucleating nucleating nucleating nucleating
temperature temperature temperature temperature
() () () ()
Al Si9 Cu3 Sample 566.4 569.8 561.5 562.8
0.2 wt.% SHS-TiB, 566.4 569.7 561.5 563.0
0.2 wt.% Commercial TiB, 566.4 570.0 561.4 567.6
0.1 wt.% of y Al,O4 566.4 570.0 561.4 567.9
0.17 wt.% of a Al,O3 566.2 569.9 561.4 563.8
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We notice that the most accurate calculation is made with the Sigg method for the
unreinforced alloy. So we can employ this formula for the calculation of Liquidus
temperature of non-reinforced alloys, but when we add ceramic particles the formulations
are not capable of predicting the changes produced by ceramic particles. However in this
case the temperature variation is smaller than in the nucleation temperature (Maximum
5°C).

We can adjust the Sigq formule to determinate the eutectic nucleation temperature in order
to introduce a coefficient to evaluate the effect of 0.02 wt.% of TiB, or Al,O3 particle
additions:

Teaisinuc = 660.452 - [(6.11 Sigg + 0.057 Sigg?) * ( Siavsieu/Siactual)] + 4.15 (°C

The higher the coalescence time, the longer the primary dendrites, with a smaller grain size
in the longitudinal direction of base alloy. The diminution of plateau time denotes that the
interdendritic liquid is less than in the sample, with smaller secondary arm dendritic spacing
(SDAS). In the case of 0.17 wt.% alpha Al,Os alloy, the eutectic temperature is much lower
than in the sample, and a better modification is expected in this sample, and worse in 0.1%
of gamma Al,O; briquette and 0,2% commercial TiB, briquette with 90%Al and 10% TiB..

4.2.2 Discussion and conclusions of the solidification st udy

Solidification curves of both the reinforced and unreinforced materials have been obtained
by casting the materials into normalized sand cups containing thermocouples linked to a
data acquisition system. The T-t curves and their corresponding dT/dt curves provide
valuable information on the solidification and precipitation of intermetallic phases. We can
observe the comparison of the curves in Fig. 4.16.

— W35 0,2% commercial TiB2
— W32 0,17% Alfa AI203
W31 0,1% Gamma Al203

Temperature evolution

680 -

\ ——W21: Al 8i9 Cu3
&E0 —— W16 0,2% nano-TiB2
G40 h
E20 %‘
&00 E

580 \ﬁ'_‘%

560 k
540 ﬁ\
520 . . . : : . : Km\\

7 ar 137 187 237 287 337 387 437
Time (s}

Temperature (°C)

Figure 4.16.- Temperature evolution graphic
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The addition of ceramic particles made a modification o f the solidification curve
leading to:

+ An increase of the recalescence temperature and a decrease in the temperature
variation in the recalescence area. Only with the 0.17 wt.% of a-alumina, the results
are very similar to the results obtained with the alloy sample. An increase of the
temperature of a-aluminium dendrites is also detected.

+ An increase of temperature of intermetallics precipitation (Al Mn Fe, Mg, Si, Al, Cu,
Als Mgg Sig CU2).

+ Liquidus temperature calculation by drossel / Vijayaraghavan and Silicon
equivalent, give an approximate value of liquidus temperature, with a narrowest
result for silicon equivalent technique. However, this formula is not prepared to
determinate the variation in the liquidus temperature induced by the TiB, and Al,O;
reinforcements. There is an increase between 2 and 8 °C approximately.

With this results, in the first area (Nucleation) , we can deduce, due to the increase of
the temperature and the decrease of the recalescence area and recalescence time, 1)
that there is a better nucleation, and 2) the effect of the nanoparticles gets a better
nucleated DTA profile for the TiB, particles, and something intermediate for Al,O;
particles. These results can be observed in Fig. 4.17., where the AI-Si9Cu3 has the
smaller recalescence temperature and the biggest undercooling.

— Al Si9 Cu3
600 ] — 0.2 Wt.% SHS TiB,
O — 0.2 wt.% Commercial TiB,
§ X — 0.17 Wt% a A|203
@
Q 580 =
S
A
| |
37 87

Figure 4.17.- Recalescence comparison between sampl es
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In the second area (Modification), we can observe in Fig 4.18. that the 0.1 wt.% vy-
alumina and 0.2 wt.% commercial TiB, have a more acicular characteristic curve because
they are the ones with higher temperatures, the Al Si9 Cu3 sample and the 0.2 wt.% SHS
TiB, are very similar with a fibrous structure and the 0.17 wt.% of a-alumina has a more
laminate characteristic curve, because it has the smallest temperature in the eutectic area.

Temperature evolution
590

/”‘\
585
O 580 — Al Si9 Cu3
S — 0.2 wt.% SHS TiB,
g - — 0.2 wt.% Commercial TiB,
o — 0.17 wt% a Al,O;
£ 570 -
(<H)
|_
565 -
560
555 : Time (S)
37 87 137 187 237 287
Figure 4.18.- Modification comparison between sampl  es
Conclusions of the study of the comparison between samples

+ An increase of eutectic main reaction temperature with Si and Mn-Fe phases,
except the 0.17 wt.% of a-alumina, but in the rest of the different concentration
essays studied in the project (10 samples of y and a Al,0; nano-reinforced alloys
with concentrations between wt. 0.01% to 1%), the eutectic temperature is higher
(The media is about 5 °C higher). This difference in 0.1 wt.% y-alumina can be
explained by variations during the DTA essay.

+ The coalescence time is bigger in all the reinforced alloys. That corresponds with
larger dendrites. A higher value can be also related with the directional dendrites,
because they have more time to grow.
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+ The plateau time is smaller in all the reinforced alloys, corresponding with smaller
secondary dendrites arm spacing.

+ The comparison between the TiB, and Al,O3 particles shows that TiB, particles have
a lower coalescence time than Al,O3 particles, but they have a bigger plateau time.
That difference should give a larger and with a bigger SDAS in the case of TiB,
particles.

+ Calculation of eutectic temperature by Mondolfo’s, Gruzleski and Djurdjevic gives a
very good estimation, especially with Djurdjevic formula (Within 1°C). However, is
not capable of determinate the variation promoted by the reinforcement particles,
with differences of about 5-10°C.

+ Very small concentrations of in situ or ex situ produced ceramic particles modify the
DTA’s curves, making difficult to automate the control process.

4.3 Influence of TiB , and nano-Al ,0O3 particles on the microstructure

The microstructure of the TiB, and Al,O; reinforced alloys has been analysed with OM,
SEM and TEM. These studies have been completed with WDS analysis. Samples have
been studied and their microstructures have been compared with the unreinforced alloys
cast in the same conditions.

The main objective was to analyse the chemical interactions between the particles and the
aluminium alloy matrix components that helped understanding the measured change of
thermal and mechanical properties of the reinforced material. It is known that the TiB,
particles have a grain size decreasing effect, following mechanisms already researched
and used by the aluminium grain refining industry. The role and mechanisms of the Al-Ti-B
grain refiners, that contain such particles, have been thoroughly studied but the main
interest of the microstructural analysis was to check any other possible interactions that
may appear with higher TiB, contents and smaller particles. In the case of the Al,O3, many
studies have been carried out to make AMCs reinforced with alumina, and the study of the
shape, quantity and surface treatments in order to increase the wettability between the
matrix and the alumina. We are going to study Al,Oz and TiB, particles because they don't
react with molten aluminium, and they can have a relative good wettability. Small particle
size and narrow size distribution, large surface area, spherical morphology are qualities that
have the elected particles, in order to obtain the best microstructures and properties with
rounded nano-particles of 40 and 15 nm in the stable and metastable a and y Al,O3;, and
TiB, particles with round faces by the decrease from 5 microns to about 500 nm after
milling.

Page 93 of 153




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and

properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 4: SOLIDIFICATION & MICROSTRUCTURE

4.3.1 Microstructure of the Al-Si based materialsr  einforced with nano-TiB -, and
nano-Al ,0O4

The Al-Si alloys have been one of the most studied alloys for sand, die casting and LPDC,
but no so much the Al Si9 Cu3 Fel that it's employed in aluminium HPDC. Due to the
excellent combination of properties it shows, Al Si9 Cu3 is employed with good castability
and mechanical properties. The number of works related to the study of the microstructure
of the alloy reinforced with nano-TiB, is very low and not any reference has been found
where the AI-Si9Cu3 + nano-TiB, alloys have been fabricated by HPDC. The analysis of
those previous works suggests that the presence of TiB, particles has an influence on the
grain size and morphology of a phase of the composite materials [Mis 04]. In some studies
[Sch 07] [Kum 09], TiB, particles are observed at the grain boundaries, suggesting that they
are pushed out during solidification, but a small proportion are also retained within the a-Al
grains due to engulfment.

The number of works related to the study of the microstructure of the Al SI9 Cu3 alloy
reinforced with nano-Al,Os is very low, though some references has been found where the
Al-Si + Al, O;. The analysis of those previous works suggests that the increase of surface
roughness of Al,Os particles increase the wetting contact angle, reducing wetting [Agu 10]
.The presence of Al,O; particles has an influence on the grain size and morphology of the a
phase of the composite materials because Al,O; particles are pushed by the aluminium
dendrites into the last freezing eutectic liquid. Thus, Al,O; particles are surrounded by the
eutectic silicon, with a good interfacial bonding, and some of the patrticles within the grains
[El- 10]. Aluminium dendrites became smaller and a more fine eutectic area is obtained
[HUs06]. In the case of AI-Si hypereutectic alloys reinforced with y -Al,O3; and TiO,, they
have a refinement of microstructure, of the dendritic arm length, the SDAS, the
interlamellar spacing in the eutectic silicon phase and the primary silicon particles [EI- 11].

Page 94 of 153




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and

properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 4: SOLIDIFICATION & MICROSTRUCTURE

4.3.1.1 Optical and SEM microscopy analysis

The comparison of the microstructure between the Al Si9 Cu3 and reinforced alloys
provides clear indications of the effect of the TiB, and Al,O3 patrticles. TiB, particles cannot
be discerned at low magnifications due to their small size (0.5-2.5 microns) but their
influence can be indirectly appreciated. The reinforcing particles modify the microstructure
of the samples, giving two different areas, one granular in the periphery and another
acicular in the center. In this acicular area, the grains are orientated, and the subgrains are
much smaller, with a best distributed eutectic. If the percentage of solute is increased, they
are more heterogeneous nuclei, promoting an equiaxial dendrite structure. Also if we
increase the cooling rate, the structure tends to an equiaxial dendrite structure. If the
cooling is very slow and the solute concentration is low, cellular dendrites are formed.

The reinforced alloys were also analysed with the SEM technique. The main objective was
to identify the different phases and to observe the possible interaction and influence of the
TiB, and Al,O3 particles.

a) Al Si 9 Cu3 Sample:

We are going to study first the Al Si9 Cu3 base alloy, in order to establish a point to make a
comparison with the reinforced alloys. As we can see in the micrograph of Fig. 4.19., there
is homogeneous grain dispersion in all the areas, with equiaxial dendrites in the periphery
and in the center.

Equiaxed
grains

Figure 4.19.- Al Si9 Cug3 alloy TP1 essay OM macrogr aph analysis
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We can observe in Fig. 4.20 that they are some little microshrinkages. The grains are

equiaxial and the structure is quite modified with rounded dendrites. Solute percentage is
higher in the center than in the periphery.
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Fig. 4.20.: Al Si 9 Cu3 OM micrographs

As we can see in Fig. 4.21., the aluminium dendrites (dark structures) are surrounded by
eutectic aluminium silicon (grey) and intermetallics (white rounded particles). The grains
have an equiaxial form. As we can see, the aluminium dendrites are surrounded by eutectic
silicon and intermetallics. The grains have and equiaxial form. We can conclude that it's a

Aluminium

Al Si
Eutectic

typical structure of an Al Si9 Cu3 alloy.

Figure 4.21.- Al Si9 Cus3 typical SEM micrographs
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b) 0.2 wt.% SHS-TiB , and 0.2 Commercial TiB »

The study of the microstructure of SHS and comercial TiB, reinforced alloys can give us an
idea of how the nano-particles modify the structure and properties of reinforced alloys, due
to the very difficult particle detection when we employ only a 0.2% of TiB, reinforcement.
After the analysis of the different samples, we have conclude that micrograph structures are
near the same in both TiB, reinforced alloys. Because of that, we are going to show the
results of the study of one of the alloys, in this case the SHS-TiB, reinforced alloy. We can
observe in Fig. 4.22. that there is a non-homogeneous grain, with equiaxial dendrites in the
periphery and columnar dendrites in the center. Very little microshrinkages are observed.

Directionated
dendrites in center

Equiaxial dendrites in
periphery

Figure 4.22.- SHS-TIB , reinforced alloy TP1 essay OM macrograph analysis

It's very important to know how good the recovery of TiB, particles is after the dissolution in
the molten aluminium. Ti recovery percentage is estimated (by the base alloy composition,
the percentaje of added reinforcement and the obtained alloy composition) of 78.3% in the
SHS TiB; reinforced alloy and 76.2% in the commercial TiB, reinforced alloy. It's not a very
good recovery rate, because if we compare with Al Ti5 B1 standard row, the percentage is
about the 98%.
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As we can see in the micrographs in table 4.23, there is a non-homogeneous grain, with
equiaxial dendrites in the periphery and columnar dendrites in the center. Very little
microshrinkages are observed.

Porosity

Fine eutectic
area

Directionated

dendrite Equiaxial

dendrite

Fine eutectic
area
uminium
B- lron
Eutectic needles
area

Porosity

|
Fig. 4.23: OM Study of grain and\precipitates in th e central and peripheral areas

Aluminium

Microshrinkage

Fine eutectic

Silicon particle

The porosity decreases in the center, being stabilized by eutectic silicon patrticles.
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With the combination of EDS and SEM we determinate the different elements that
constitute the alloy, as we can observe in Fig. 4.24 and Fig. 4.25. We can't see in the
pictures the composition and the presence of TiB, particles in the center or in the border of
grain. There is a different structure in the periphery and the center of the sample, as we
have seen in the optical microscopy. TiB, particles modify the microstructure of the
samples, giving two different areas, one granular in the periphery and another acicular in
the center. In this acicular area, the grains are orientated, and the sub grains are much
smaller, with a best distributed eutectic. We can see that the aluminium dendrites are
surrounded by very fine eutectic silicon and intermetallics, with a higher concentration of
solute in the center, and the only difference between the two TiB, reinforced alloys is that in
the case of commercial TiB, reinforced alloy are less fine eutectic areas than in the case of
reinforcing with SHS-TiB,. The EDS and SEM observed Fe intermetallics are formed as
skeleton structures in the center, but small B-iron rich needles are detected in the periphery.
Not B-iron needles are detected. There is a higher solute concentration in the center, with
narrowest dendrites. Same porosity is detected associated to the eutectic precipitations.
There has been not possible to detect any TiB, particle in the sample. We suppose that the
TiB, is well dissolved in the aluminium matrix or in the grain boundary, and in this case, the
titanium concentration is so low that it's very difficult to detect by EDS.

structures

Porosity

Center Periphery
¥
50 um 50 ym

Fig. 4.24.: SEM study of SHS-TIB , reinforced alloy
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Al Cu Si Ni Al Pb
. Al Cu Fe Ni
Aluminium
Al Si Cu Fe Ni
] Al Si Pb Fe Mn
Al Si Cu
Al Pb

—- |
00

Figure 4.25.- Phase determination in SHS-TIiB , reinforced alloy by EDS and SEM

We can obtain the next conclusions after the analysis of the differences between the center
and the periphery:

-

*
-
-

¥

Equiaxial dendrites in the periphery, and Equiaxial - Columnar in the center.
Higher solute concentration in the center.

Narrowest and directional / oriented dendrites in the center.

More areas with the very fine eutectic structure in the central area (Blue circles in
Fig. 4.23).

The porosity decreases in the center, being stabilized by eutectic silicon particles
(Fig. 4.23). Less porosity than the Al-Si9Cu3 base alloy.

Free B-iron phases have been not detected. However lots of beneficial skeleton
structures are dispersed homogeneously.
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C) 0.1 wt.% of gamma Al ,05; and 0.17wt. % of alfa Al ,03:

The study of the microstructure of Al,O3 reinforced alloy is important to determinate the
structure and properties of the reinforced alloys, and also can give us the distribution, size
and function of Al,O; particles in the grains and grain boundaries. After the analysis of the
different samples, we have concluded that micrograph structures are near the same in both
AlL,Oj3 reinforced alloys. Because of that, we are going to show the results of the study of
one of the alloys, in this case the 0.1 wt.% y-Al,O3 reinforced alloy. We can observe in
Fig.4.26. that there are equiaxial dendrites in the periphery and columnar dendrites in the
center. No microshrinkages are observed.

Directionated

dendrites in center Equiaxial dendrites in

periphery

Figure 4.26.- 0.1 wt.% y-Al,O; reinforced alloy TP1 essay OM macrograph analysis

The alumina recovery percentage is estimated (by the base alloy composition, the
percentaje of added reinforcement and the obtained alloy composition) in a 78.3%. It's not
higher due to the low melting temperature and because we don’t use magnesium to
increase the dissolution of Al,Os.

Page 101 of 153



Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and

properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 4: SOLIDIFICATION & MICROSTRUCTURE

As we can see in the micrographs in Fig. 4.27., there is a non-homogeneous grain, with
equiaxial dendrites in the periphery and columnar dendrites in the center. Very little
microshrinkages are observed.

Fine eutectic \ Fine eutectic
area are:
Small
Porosit
Directionated Equia>_<ia|
dendrite dendrite
Aluminium
Fine eutectic [ %
area

Figures 4.27.: OM Study of grain and precipitatesi  n the central and peripheral areas

With the EDS and SEM we determinate the elements that constitutes the alloy. We can
observe the composition of the phases in the Fig. 4.28.

Aluminium

(Al+Cu)

Al Cu Ni
Pb +(Si CL

Al Si Cu
(Al+Cu) ( )
Skeleton
(Al Si Fe Mn)

Ry

Figure 4.28.- Phase determination in y-Al,O; reinforced alloy by EDS and SE M
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We can observe the presence of Al,O; in the alloy in the center of the aluminium grains and
in the grain boundary in the Fig. 4.29. A,B,C,D and E. The grains inside the aluminium
grains affect the nucleation effect. The grains that are near the grain boundaries are
pushed by the solidification front, but observed Al,O3; particles in spite of being near the
grain boundaries, they seem to be also nucleating sides.

(Al Si 0)

Al

(Al Cu O)

Al>,O3

Al>,O3

Al>,O3

Al 203

Figures 4.29. A,B,C,D and E.- Al ,0; particles detection by EDS and SEM
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Al,O; particles are presented in the center of the grains. They act as grain refiners, with an
agglomerated structure of about 0.5 to 1 Microns, which corresponds to the size more
adequate to act as grain refiner for TiB, nucleating particles [Que 04-02].

We can obtain the next conclusions after the analysis of the differences between the center
and the periphery, and from the microstructure:

« Equiaxial dendrites in the periphery and Equiaxial - Columnar in the center.

< Near no porosity is observed and the detected porosity is very small. The porosity is
mainly in the interdendritic area.

<+ Higher solute concentration in the center.

<% More areas with the very fine eutectic structure in the center area (Blue circles in
Fig. 4.27), but less than the nano-reinforced TiB, samples.

«+ Detected Al,O; particles are in the center of the grains, acting as solidification
nuclei. They show a rounded agglomerated structure of about 0.5 to 1 microns.

4+ Narrowest and directional / oriented dendrites in the center.

We can also observe the presence of Al,Oz in the alloy in the Fig. 4.30. A,B and C. The

detected Al,O3 particles are again in the center of the grains, acting as nucleating sides.

Al O

Al Na ClI

Al O

AlSiO
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Al,O3

Figures 4.30. A,B and C.- Al ,0; particles detection by EDS and SEM

We can obtain the next conclusions after the analysis of the differences between the center
and the periphery and from the microstructure:

-+

+

-+

Equiaxial dendrites in the periphery and Equiaxial - Columnar in the center.
Higher solute concentration in the center.

Very small porosity is detected. There is not big porosity, and the presented porosity
is in the interdendritic area.

Narrowest and directional / oriented dendrites in the center.

More areas with the very fine eutectic structure in the center area (Blue circles), but
less in comparison with TiB, reinforced alloys.

Detected Al,O; particles are in the center of the grains, acting as solidification
nuclei. They show a rounded agglomerated structure of about 0.5 to 1 microns.
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4.3.1.2 WDS analysis

In order to determinate the differences between the peripheral and central area, WDS
analysis has been made. Many different precipitates have been determined, but we focus
on defining if the central area has a higher solute concentration. With this purpose a
dendritic area has been analysed, to compare their compositions. We can see in Fig. 4.31
an example of WDS in the pheripheric area. We observe how the aluminium wt.% is
approximately a 97.5 wt.%. The rest of elements remains quite stable in their values, with a
Cu and Si concentration of about 0.9 wt.%.

WDS PERIPHERY
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90 - 41,3
80 |
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0 0,91 1,82 2,73 3,63 4,54 5,45 6,36 7,27 8,18

Distance (micra)

Ca Ni Zn Al Si Ti Fe Cu Sn

Figures 4.31.- Determination of peripheral Al dendr  ite composition by WDS
If we observe the Fig. 4.32. of an example of WDS in the central area, the estimated

aluminium wt.% is about 95.5 wt.%. The rest of elements have a bigger concentration, with
a 0.7 wt.% Si, a 1.5 wt.% of Zn and a 2 wt.% of Cu.
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Figures 4.32.- Determination of central Al dendrite composition by WDS

In despite of been a very punctual detection system, we see a tendency to increase the
solute and to decrease the aluminium percentage between the samples in the way from the
peripheral to central areas. The aluminium percentage changes from approximately the
97.5% to 95.5% in weight in from the external to the center area.

4.3.1.3 TEM and AES analysis of the reinforced mate rial

The reinforced samples were analyzed through TEM in order to study the effect of the Al,O3
and TiB, particles in the generation of dislocations as well as possible reaction layers
between the particles and the matrix and to determinate the role of ceramics in the
precipitation of intermetallic phases.

The TEM analysis of the TiB, and nano- reinforced Al,Os; Al Si9 Cu3 alloys shows some
common features concerning the Al-Si based alloy. TEM has been employed due to the
difficulties with SEM to detect the TiB, nano-particles in the matrix and to determinate the
particles that can't be detected by SEM. They are not big differences between the
reinforced Al,O; and TiB, materials, and that's the reason why we have focused the study
in determinate the differences between the central and peripheral area.
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Two different samples have been employed. The first is has a 0.1% of gamma Al,O; and
the second has a 0.01% of commercial TiB,, because the different reinforcement have
same microstructure with the same reinforcement element.

The aluminium alloyed samples reinforced with TiB, and Al,O; were analyzed through TEM
in order to study the effect of the reinforcement particles with the microstructure and with
the chemistry of the matrix/reinforcement interfacial zones. As already described, 2 areas
related to the acicular grain zone (mainly in the center of the foundry samples) and to the
small grain zone (mainly on the edge of the foundry sample) have been analyzed by TEM
for both reinforced composite materials.

Basically we have observed difference in the microstructure for the samples analyzed in the
center and samples analyzed in the edge but we do not have observed any difference on
the microstructure of the matrix between sample reinforced with TiB, and sample reinforced
with AlL,Os;. Therefore the discussion of this TEM part will only be associated with the
localization of the TEM samples (center or edge) but not with the reinforcement type (TiB,
and Al,O3).

Figures 4.33. A and B shows typical microstructure of the matrix taken into the center of
the sample where acicular grains are found in two areas.
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Fig. 4.33. B

— 0 N 1] 3| S K = 2.0 um Fe K

[ 1 2.0 pm BF

Figure 4.33.- Aand B : TEM micrograph of typical microstructure of sample in the center of
the foundry sample namely acicular grain zone. Each TEM micrograph (bright field image is
associated with 4 EDS corresponding maps (Al, Cu, Si and Fe)).
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Several features can be observed:

1. Density of dislocation is negligible. No dislocations are observed on TEM pictures.

2. Large single crystal grains of pure silicon are observed. Also very small rounded
silicon crystals are detected. There are normally Si crystals, but with few Cu inside,
and same of the detected Cu could be attributed to the ion milling processing of
samples.

3. At the boundary of the Si grain and inside the Al one, precipitation of pure Cu spot
(grain size close to 150 nm) are observed.

4. Al-Fe-Cu grains are observed inside Al grains, normally relatively smalls (<5
microns) and with a no deleterious acicular shape.

5. Al grain size is in the order of few microns in diameter.

Figures 4.34. show typical microstructure of the matrix taken into the peripheral area of
sample .

Figure 4.34.- TEM micrograph of typical microstruct  ure of sample in the edge of the

foundry sample
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Figures 4.35. A) and a B) show typical microstructure of the matrix taken into the
peripheral area of sample , where small grain zones are found. Each of the bright field
micrograph is associated with EDS maps in order to analyze the distribution of the Al, Cu,
Si and Fe elements within the TEM analysis zone.
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Al-Cu-Fe

[ 1 0.5 Hm BF

Figure 4.35. A) and B).- TEM micrograph of typical ~ microstructure of sample in the
edge of the foundry sample namely small grain zone. Each TEM micrograph (bright
field image is associated with 4 EDS corresponding maps (Al, Cu, Si and Fe).
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Several features can be observed:

1.
2.
3.

Ll

Density of dislocation is negligible. No dislocations are observed on TEM pictures.
Large single crystal grains of pure silicon are observed.

At the boundary of the Si grain and inside the Al one, precipitation of pure Cu spot
(grain size close to 150 nm) are observed. In zones of fracture of Si crystals, these
copper grains are observed in the space between the Si crystals with length up to 1
pm.

Si is normally detected in combination with Al and Cu.

Al-Fe-Cu grains are observed inside Al grains.

Two Al grain size zone can be observed: In first one, the Al grain size is in the order
of few microns in diameter whereas in the second one (see Fig. 4.36.) Al grain size
in the order of 10 nm in diameter can be observed.

Several differences can be observed between the central and peripheral area:

1.

2.

Density of dislocation it negible in the center and in the peripheral area. In the case
of the peripheral area two different aluminium grain sizes are detected, with a size
about few microns and the other are of about 10nm. In the case of the central area,
Al grain size is in the order of few microns.

The silicon is detected as single phase grains in the center, but Al Si Cu structures
are more common in the external area. This can be explained by a solute
enrichment in the center, in concordance with the WDS analyses.

4.3.1.2 Aluminium grain size

The TP1 samples analysis is a hormalized method to determinate the aluminium grain size.
But as we are going to observe this method is not adequated to determinate the grain size
of reinforced alloys. The determination of grain size is very difficult, due to the acicular
structure in the center of the samples. The first measures were determinate using the
ASTM E 112: 1996 E2 standard, but with the criteria of considering the acicular set of
subgrain as a unique grain. The results obtained are summarized in Table 4.11., that don’t
match the OM observed grain sizes.

Reference Grain Size Grain Size

Periph. (um) Center (um)
Al Si9 Cu3 Sample 888 888
0.2 wt.% SHS-TIB, 944 3333
0.2 wt.% Commercial TiB, 1059 3882
0.1 wt.% of y Al,O3 1059 3705
0.17 wt.% of a AlLO; 1176 4588

Table 4.11.: ASTM E 112: 1996 E2 grain size determi nation
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This system it's not adequate to determinate the grain size, because the dendrites are very
long and very fines in the acicular zone with zones where different dendrites can cross one
to the other, as we can observe in Fig. 4.36.:

Acicular zone

N

i

o PR '

Figure 4.36.- Acicular dendrite zone detail inthe  center of a reinforced alloy

As much as it's very difficult to determinate the grain size of the central acicular zone we
have chosen another method to determinate the real grain size. SDAS (Secondary
dendrite arm spacing) determination has been done to determinate the nucleating effect of
ceramic particles. When there is a reduction in the SDAS, the nucleation is better and
better mechanical properties are obtained [Cac 96]. The final SDAS variates with the
solidification time and the solute profile of the solidifying alloy [Eas 10-1]. We observe in
Fig. 4.37. what it's the SDAS over a real dendrite.

Dendrite

Secondary arm|

Shrinkage spacing

porosity ‘

Figure 4.37.- Secondary dendrite arm spacing determ  ination
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In order to determinate the SDAS, as the dendrite structure is not equiaxial all over the
samples, ImageJ software has been employed, 20 different measure points have been
determinate for every alloy to calculate the average SDAS value, as we can see in the red
marks in Fig.4.38.:

Figures 4.38.- Secondary dendrite arm spacing deter  mination

In HPDC castings, where there are very high cooling rates the intermetallic particles are
typically in the order of 10 to 50 um [Tay 04]. In our case, the TP1 essay has high cooling
rates, but smaller than HPDC, because we have employed the obtained TP1 samples to
determinate the grain sizes. Results show that reinforced alloys in DC samples have a
SDAS that we can even compare with HPDC values. We see the results in the Table 4.12.:

SDAS SDAS Variation
Reference _
Periph.(um) | Center (um) (um)
Al Si9 Cu3 Sample 26 34 +8
0.2 wt.% SHS-TIB, 30 26 -4
0.2 wt.% Commercial TiB, 22 18 -4
0.1 wt.% of y Al,O3 28 26 -2
0.17 wt.% of a Al,O; 29 25 -4

Table 4.12.: SDAS peripheral and central determinat ion
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In the non reinforced Al Si9 Cu3 sample, the SDAS in the center is bigger than in the
periphery, due to the highest cooling rate in the periphery. In all of the reinforced materials,
the SDAS is smaller in the center of the sample, promoting a better nucleation. This can be
explained by the increase of the solute and the presence of ceramic particles. There is an
equation that relations the SDAS with the coalescence time (t.oaes), that it's the time were
the dendrite arms grow by coalescence between solidus and liquidus [Eas 10-2].

SDAS = K [ﬂcnoalwc.
Where “n” is between 0.33 and 0.5 and K is a fitting factor dependent of alloy elemental
concentration and constituents. The experimental obtained results are represented in Table
4.13., with the coalescence time calculated in Table 4.8., page 85.

SDAS tco(aée)sc_ SDA(Sp rp:]c-;rlph SDA(Su r(T::;nter
Al Si9 Cu3 Sample 100 26 34
0.2 wt.% SHS-TIB, 105 30 26
0.2 wt.% Commercial TiB, 116 22 18
0.1 wt.% of y Al,O3 150 28 26
0.17 wt.% of a Al,O4 145 29 25

Table 4.13.: SDAS peripheral and central relation w

ith coalescence time

There is not a good relation between the equation and the obtained values, but it can be
explained by the dendrite form, that it's not equiaxial. If we employ the “time plateau” we
observe that a reduction in the plateau time promotes a decrease of the SDAS in the center
SDAS, resumed in Table 4.14. with the plateau time calculated in Table 4.8.

SDAS tPI(atSe;u‘ SDA(Sp rp:gnph SDA(Su r(ignter
Al Si9 Cu3 Sample 90 26 34
0.2 wt.% SHS-TIB, 67 30 26
0.2 wt.% Commercial TiB, 86 22 18
0.1 wt.% of y Al,O3 21 28 26
0.17 wt.% of a Al,O3 29 29 25

Table 4.14.: SDAS peripheral and central relation w
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We can detect the tendency to decrease in the SDAS in the center with decreasing plateau
time, but there is not also a good relation. Solute concentration in the center of the samples
has an acicular directional structure, with a lower SDAS parameter and less porosity. For
the same composition, the higher the cooling rate, the smaller the SDAS and also the
smaller the porosity [Sei 09], what can explain the increase in the base Al Si9 Cu3 alloy of
SDAS in the center of the sample in comparison with the peripheral area.

4.3.1.3 Electrical conductivity analysis

The electrical conductivity decreases when we add the element addition [Mac 98] and when
the grain size decreases. We observe the different between the different alloys and the
variation in the properties in function of making the test in the periphery or in the center of
the test bars, and also in the acicular and granular area, as we can see in Table 4.15 to

4.19.
Base sample
: Value Average
Wil 3203840 Point
) (%IACS) (%IACS)
P1 29.60
P2 30.15
30,06
P3 30.55
P4 29.95
C1 30.00
Cc2 30.25
30,31
C3 30.60
C4 30.40
Table 4.15: IACS determination
0.2% TiB, SHS Value Average
Point
WG FRO3SL0 (%|ACS) (%|ACS)
P1 29.55
P2 29.60
29,57
P3 29.60
P4 29.55
C1 29.55
Cc2 29.70
29,56
C3 29.50
C4 29.50

Table 4.16: IACS determination
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Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and

0.2% commercial TiB:

_ Value Average
WOAE IRAISLD g Point
i . (%lACS) (%lACS)
P1 28.05
P2 28.75
28.22
P3 28.10
P4 28.00
C1 28.05
C2 28.50
28.25
C3 28.35
C4 28.10
Table 4.17: IACS determination
0.1% Al,O; gamma alumina briquette: Value Average
Point
e (%lACS) (%lACS)
P1 29.05
P2 29.05
29,07
P3 29.05
P4 29.15
C1 29.00
C2 29.10
29,06
C3 29.10
C4 29.05
Table 4.18: IACS determination
0.17% Al,O5 alpha alumina briguette: Point Value (IACS) | Average (IACS)
VWAT  32a5sLE Pl 2860
P2 28.85
28,65
P3 28.85
P4 28.30
C1 28.70
C2 28.80
28,76
C3 28.85
C4 28.70

Table 4.19: IACS determination
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Values for modified samples in both areas are similar. We compare the obtained results
with the expected values obtained from NADCA formula [Mac 98] for the different
compositions in the Table 4.20.:

IACS% = 36.44-0.72Si-0.26Cu-0.32Fe-0.63Mg-0.08Mn+0.01Ni+0.02Cr-0.36Zn-0.27Ti+0.31Sr.

Al Si9 Cu3 Sample 8.580 | 0.860 | 1.780 | 0.181 | 0.033 | 0.049 | 0.073 |0.940 | 0.045 | 0.053 | 0 | 29.15 | 30.18
0.2wt.% SHS-TIB, 8.610 | 0.850 | 1.780 | 0.186 | 0.046 | 0.051 | 0.073 |0.930(0.046 [ 0.053 | 0 | 29.12 | 29.56
0.2wt.% Commercial TiB, | 8460 |0.950 | 1.740|0.189 | 0.029 | 0.054 [0.072 |0.930{0.045 [ 0.051 | 0 | 29.21 | 28.23
0.1 wt.% of y AlOs 8.480 | 0.880 | 1.770|0.186 | 0.012 | 0.053 | 0.074 | 0.930(0.045 [ 0.052 | 0 | 29.23 | 29.06
017 wt.% of a AlOs 8.460 |0.900 | 1.730 | 0.181| 0.023 | 0.051 |0.073 [0.930 | 0.045| 0.050 | 0 | 29.24 | 28.7

Table 4.20.: IACS determination by NADCA formula an  d experimental results

As we can see, the values are quite similar, and approximately they match the expected
values. A conductivity decrease can be explained, because if we have more grain
boundaries is more difficult to conduct the electrical energy. The difference between the
center and the peripheral areas are more similar in values when adding ceramic particles,
but also the SDAS values difference is smaller between the two areas. In the non
inoculated sample, the conductivity in the center is higher than in the periphery, which could
be correlated with a higher SDAS value is the center. We can adjust the NADCA IACS%
formula to determinate IACS% value, modify to evaluate the effect of 0.02 wt.% of TiB, or
Al,O3 particle additions:

IACS% = 36.44-0.72Si-0.26Cu-0.32Fe-0.63Mg-0.08Mn+0.01Ni+0.02Cr-0.36Zn-0.27Ti+0.31Sr - 0.31
The variation of conductivity between the center and the peripheral is also bigger in the non

inoculated sample, with a correlation with a higher difference between SDAS values in both
areas, as it's reflected in Table 4.21.:

SDAS IACS% SDAS IACS% SDAS IACS%
Reference : :
Periph.(um) | Periph. | Center (um) Center | Average (um) | Average
Al Si9 Cu3 Sample 26 30.06 34 30.31 30 30.18
0.2 wt.% SHS-TIB, 30 29.57 26 29.56 28 29.56
0.2 wt.% Commercial TiB, 22 28.22 18 28.25 20 28.23
0.1 wt.% of y AlLO3 28 29.07 26 29.06 27 29.06
0.17 wt.% of a Al,O3 29 28.65 25 28.76 27 28.70

Table 4.21.: IACS and SDAS relation in the peripher al and central area
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A decrease in the electrical conductivity can be observed by adding few quantities of
ceramic particles (Around a 4% of IACS electrical conductivity value by adding less than a
0.2% of nanopatrticles). The tendency reflects that if the SDAS average value is increased,
the IACS% also increase its value, as we can observe in Fig. 4.39.:
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Figure 4.39.: Comparative diagram between SDAS and  IACS
4.3.2 Discussion of the results

The comparison of the reinforced alloys with the corresponding unreinforced alloy shows
that there is homogeneous grain dispersion in all the areas, with equiaxial dendrites in the
periphery and in the center in the case of the non reinforced alloy. Also micro shrinkages
are observed.

In the case of the reinforced alloys, there is a non-homogeneous grain, with equiaxial
dendrites in the periphery and columnar dendrites in the center. Very little micro shrinkages
are observed, and the central dendrites are oriented and are narrowest than the non
reinforced alloy.

Very small B-iron needles are detected, of about 20 microns size. The normal size of (-
needles variates from 10-50 ym in HPDC standard Al Si9 Cu3 alloys [Tay 04], but is always
much smaller in comparison with DC samples employed for the metallurgical examination
(Approximately 1/5 of B-needles in DC by comparison with HPDC samples). This can be
related with the size and morphology of dendrites and the secondary dendrites arms, than
can promote the needles to break in smaller needles.
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Very fine eutectic structures are detected in the central area of the reinforced alloys. In the
case of TiB, reinforced alloys there are more than in the case of Al,O; reinforced alloys.
The presence of small Si particles is attributed to Si enrichment of the remaining melt due
to the formation of eutectic Al (Aluminium spikes) at the eutectic temperature. Following the
nucleation of eutectic Al on the primary a-Al dendrites, fine Si particles form at the
solidification front upon which the eutectic Si flakes and fibers could develop [Naf 08]. This
fine eutectic is very interesting to obtain good mechanical properties.

Observing the porosity, Al,O3; nano-particles promote the decrease in the size and number
of porous. TiB, nano-particles also have a positive effect. This can be related with the
capacity of ceramic particles to stabilize porosity, and as the total surface of ceramic
particles is bigger, the smaller the porosity diameter. In our case, the employed Al,O3 hano-
particles size (15-40 nm) is much smaller than TiB, particles (690 nm aprox.), so also the
total surface is higher. However as in Fig. 4.30. we can observe nano-particles
agglomerations of about 0.5 ym, that reduced the total surface of ceramic particles in
contact with the aluminium matrix, but they are placed at the center of the aluminium
grains, and they act as grain nucleation sites. In the case of Al,O; reinforced alloys near no
porosity is observed in the microscopy examination. Also a smaller SDAS promotes and
smaller porosity, and also SDAS is lower in reinforced alloys.

There is a higher solute concentration in the center of the samples than in the periphery.
That promotes dendritic or equiaxial grains, in function of the cooling rate. Aluminium
percentage variates approximately from a 97, 5 to 95, 5% WHt. in the center of the reinforced
areas, determined by WDS

With the EDS and SEM we can't detect the presence of Ti B, particles in the center or in
the border of grain, due to the small size of particles, but more because the very low
reinforcing percentage. Al,O; particles tend to get inside the grain and in the grain
boundaries, with an agglomerated structure of about 0.5 - 1 micron. In the case of particles
in the center of the grains, the Al,O3 particles act as grain refinement nucleus.

ASTM E 112: 1996 E2 standards is more adequate to determinate grain size of equiaxial
grains, and with the determination of grain size applying this standard is not possible to
explain the behavior of reinforced alloys.

Using the determination of SDAS, in all the reinforced alloys is smaller than in base alloy,
with the smaller SDAS in the case of TiB,. As much as SDAS is directly related with the
UTS, its value should be increased as much as SDAS decreases. In the Al Si9 Cu3
sample, a SDAS bigger in the center than in the periphery, can be explained by the highest
cooling rate in the periphery. In the rest of cases, SDAS smaller in the center of the sample,
promotes a better nucleation, and can be explained by the increase of the solute and the
presence of ceramic particles.

Page 121 of 153




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure and

properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 4: SOLIDIFICATION & MICROSTRUCTURE

There is not a good relation between coalescence time (t..aes) and the obtained values, but
it can be explained by the dendrite form, that it's not equiaxial. If we employ the time
plateau we detect a tendency to decrease SDAS in the center with decreasing plateau time.

Values for electrical conductivity are quite similar, and approximately they match the
expected values from NADCA. We can observe a conductivity decrease in comparison with
the base alloy. We can explain the decrease in the conductivity because if we have more
grain boundaries by a decrease in the SDAS value, is more difficult to conduct the electrical
energy. In the non inoculated sample, the conductivity in the center is higher than in the
periphery, in correlation with a higher SDAS value is the center.

A decrease in the electrical conductivity can be observed by adding few quantities of
ceramic particles (Around a 4% of IACS electrical conductivity value by adding less than a
0.2% of nanoparticles). In our case, the higher SDAS in the non reinforced alloy is
associated with an increase of the IACS%.

4.4 Conclusions

The solidification pattern of metallic materials is varied by adding nano and TiB, particles.
The complete study has been determinate by the DTA, TP1 and injection test, simulating
industrial parameters.

The microstructure has been determined from TP1 test and also from injected samples,
employing different equipments as OM, SEM, TEM and WDS, determining the effect of
Al,O3 and TiB; particles in the microstructure and properties of the alloys.

The analysis of the T-t curves and the corresponding derivatives curves up to the fifth
derivative have confirmed the effect of particles in the solidification pattern. Main
conclusions of thermal analysis of the reinforced alloys are:

1) Al,O3; and TiB; particles influence aluminium grains nucleation, eutectic reaction and
intermetallic precipitations. The nucleation temperature is increased, as the
recalescence temperature. This effect is related to the incorporation of ceramic
particles as heterogeneous nuclei.

2) TiB, has more influence in the nucleation than Al,O; particles. This is related to the
employ of TiB, in commercial grain refiners as main refiner. Also TiB, particles are
related in some studies as the most effectives for Aluminium grain refining.

3) The influence of the particles should have a positive influence on the mechanical
properties of the reinforced alloys since it decrease the undercooling, promoting a
better nucleation.
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The analysis of the microstructure shows very interesting conclusions that determinate the
effect of the Al,O; and TiB, particles. It has been demonstrated that the presence of the
ceramic nano-particles has a direct effect on the microstructure. These effects should have
a corresponding effect on the electrical, mechanical and thermal properties of the
reinforced materials. The most important conclusions are:

1)

2)

3)

4)

5)

6)

7)

8)

The employ of ceramic nano-particles reduce the porosity size and quantity. It's
more remarkable in the case of Al,O3 than in TiB, particles.

Acicular oriented very fine dendrites are promoted by the nano-particle addition. The
SDAS is smaller in the reinforced alloys and also the SDAS decrease in the center
of the samples.

AlLO; and TiB, particles modify the structure, with smaller detrimental B-iron
needles.

Very fine eutectic structures are detected in the center of the reinforced alloys,
especially with TiB, reinforced alloys.

The SEM analysis shows that Al,O; particles acts as nucleating points, with
agglomerate particles of about 0,5-1 micron.

The TEM analysis shows a very small dislocation density. Alumnimium grains have
two different sizes in the peripheral area, with also very fine aluminium grains about
10 nm. The center has a solute enrichment, also detected by WDS.

Electrical conductivity decreases by adding few quantities of ceramic particles and
is quite similar in the center and periphery of reinforced alloys and a relation
between SDAS and IACS has been observed.

We can determinate what are the better particle for different industrial applications:

a. Parts with improved mechanical properties: As TiB, has an smaller SDAS
than AlL,O; particles, the YS and UTS can be improved, so it's more
interesting to add TiB, particles than Al,O;. The shorter distances between
particles and SDAS prevent crack growth and their interconnection,
increasing the elongation. So for parts with plastic deformation it would be
better to add TiB, particles.

b. Parts with internal pressure or fluids: As Al,O3; reinforced alloys has less
porosity, they have a better behavior against leakage.
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5.1 Introduction. Strengthening mechanisms
Introduction

Pure aluminium is a soft metal with insufficient strength for most engineering
applications. In the automotive industry cast aluminium is increasing it percentage in
the total weight of the car, displacing other materials with a higher density. In order to
achieve the maximum decrease in weight to reduce energy consumption and
emissions, the cast aluminium alloys should be employed in structural applications.
New aluminium alloys have been developed to obtain better properties by a correct
concentration of allowing elements.

In order to get interesting properties we can employ other strengthening process, as
the employ of grain refiners and modifiers, increase of solidification rate, severe
deformation, ultrasonic vibration, thermal treatments and reinforcements. In all the
cases the mobility of dislocations is reduced, promoting the necessity of higher forces
to move the dislocations through the aluminium alloy.

A dislocation is a defect or irregularity within a crystal structure. They have a strong
influence on material properties (UTS, YS, elongation, hardness and fatigue). They are
classified in two main types: edge and screw, but normally we can observe a mixture of
both types in real alloys.

Employing different strengthening process we obtain the decrease of dislocation
mobility, becoming the sum of the effect of the different strengthening mechanism and
also of alloy composition [Mah 08]. The dislocation motion occurs by sequential bond
breaking and bond reforming, so the resistance to deformation (strength) can be
improved by decreasing the possibility to move, putting obstacles in the way of
displacement.

In general all the strengthening mechanisms increase the UTS and YS and decrease
the elongation. In all the cases, the strength is got by impeding the motion of the
dislocations. We define following the different strengthening mechanisms that are
involved in the reinforcement of aluminium alloys:

1) Grain and subgrain strengthening:  The Aluminium alloy is strengthened by the
grain and subgrain reduction. The reason is that the slip in a grain is constrained by the
presence or absence of slip in neighbouring grains or subgrains. Normally a
discontinuity of slip planes or a change in the slip direction is needed to get slip across
the grain or subgrain boundaries. In this case, grain and subgrain boundaries acts as
barriers to dislocation movement.
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There is a direct relation between the YS and the grain and subgrain size. This relation
has the name of Hall-petch_[Hal 51]. We can see how they are related:

0y = Op+ kd™?

Where is the YS, oy is the intrinsic YS, d is the grain diameter and k is a constant for a
given material. So we can deduce that a decrease of grain size (d) promotes an
increase of YS (0,). A second phase is not required.

2) Solid solution strengthening (Solute hardening):

Impurities dissolved by addition to the melt promote the strengthening [Wik 11-02]. As
much as there is a distort lattice mechanism, the distort can be produced by a
substitution or interstitial mechanism. This implies an increase of energy of the crystal
due to the lattice increase, and also the increase of dislocations near the distorted
area. If the distortion increases, the dislocation mobility is reduced.

In the case of the aluminium alloys, some alloying elements have a great influence in
the solid solution strengthening, like Cu or Mg. Any alloying element is not suitable to
get this type of strengthening, because there must exist an atomic misfit with the
aluminium matrix and also to have high solid solubility. The strengthening effect is
increase if:

+ The radius of the two particles is very different.
+ If we increase the quantity of dissolved particles.

Of both effects, the most important is the ratio relation. The continuous solid solutions
show a maximum strength at an intermediate composition. A second phase is not
required.

3) Strain Hardening (Work hardening / cold work):

The strain hardening is produced by low temperature plastic deformation [Wik 11-03].
The strengthening mechanism involves:

4+ Dislocation creation due to the plastic deformation.

+ Multiplication of dislocation number and movement of dislocation induced by
the repeated deformation than promotes that dislocations repel between them.
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The main effect is an increase of YS, because the rearrangement of dislocations of the
structure of crystals and the phases those are in the neighbourhood. Same areas of
entangled dislocations don't allow the movement of surrounding dislocations. If we
continue with consecutive strain hardening process, YS tends to be similar to UTS, but
with a decrease in the Elongation, promoting a brittle material. A second phase is not
required. They are several processes to produce the strain hardening, involving
forging, extrusion, rolling, drawing, bending and ECAP.

4) Dispersion strengthening (Orowan strengthening)

The dispersion strengthening is promoted by the addition of elements as fibres,
particulates, or others, with and strengthening effect due to the dispersion of a second
phase in the aluminium alloy [Lem 81], [Cly 93]. The dislocation movement is reduced
across grain boundaries with different phases, and the dislocations movement is only
possible bypassing the addicted elements. It this movement dislocation loops are
created, and they are called Orowan loops, and the strengthening mechanism is also
known as Orowan strengthening. This motion promotes an increase of YS.

The effect is more important in case of:
+ Hard second phase (Less possibilities to have a plastic deformation).

+ Ductile matrix as aluminium matrix (More capacity of the matrix to have plastic
deformation).

+ High percentage of second phase elements (More possibilities to reduce
dislocation movement).

+ Spherical or rounded second phase (Less stress concentration than sharp
edges).

+ Small second phase (Higher specific surface area per volume unit).

In order to promote a good dispersion strengthening, particle grain size range should
be between 0.01 and 0.7 ym [Han 05], [Cly 93], but the most important points are the
spacing between particles and their size.

5) Precipitation strengthening (Age hardening):

Is more common in aluminium alloys, and the strengthening effect is promoted by the
precipitation of small particles, normally from a supersaturated solid solution (In this
case is called “age hardening”). A natural or artificial ageing treatment is necessary in
order to convert second phase particles from solid solution to fine precipitate structure
[Lem 81], [Cly 93].
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The strength is produced because dislocation movement is reduced across grain
boundaries between different phases of fine dispersion of precipitates. If the process is
at room temperature then is called natural aging, but if a heat treatment is needed, then
is called artificial aging. The effect is similar to dispersion strengthening, because the
nature of elements and strength distribution, but with an smaller precipitates size.

6) Load transfer between matrix and reinforcement:

If the matrix contains a no plastically deforming reinforcement, when a load is applied
to the aluminium, it can transmit that load to the reinforcement. Normally the
reinforcement must have a high aspect-ratio, in order to promote the load transference
by shear stress at the matrix-reinforcement interface. A ratio of 10:1 is usually
recommended as the smallest ratio to transfer the load [Aik 97].

7) CTE mismatch between the matrix and the reinforc ~ ements:

When the CTE between the matrix and the reinforcements are very different at
microscopic level and can coexist, the strength is promoted by the strains produced in
the cooling of the reinforced material, due to the different thermal contraction in the
solidification process. Lot of new dislocations are created to absorb the CTE misfit. As
much as there is an increment in the number of dislocations, the movement is reduced
by the impediment to move, increasing YS [Han 05, Arp 03].

In the case of an eutectic alloy [Ask 03], more than one strengthening mechanism can
be produced at the same moment:

+ Solid solution strengthening: Constituent B in a or A in B.

+ Dispersion strengthening: For example alternative layers of a and B
constituents, similar to a composite.

+ Grain size strengthening: If a rapid cooling is promoted, narrower alternative
layers are created.

The maximum strength of an alloy should be get in the eutectic composition [Han 02].
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5.2 Experimental results

5.2.1 Mechanical properties at Room T

The tensile tests were carried out following the standard ASTM A-370 with cylindrical
specimens produced by HPDC. The dimensions of the specimens were diameter =
6.25+0.12mm, Lo =25+1, L. > 32 mm, R =>5 and L =80 mm, and the elongation
was measured with an extensometer at room temperature and at 200°C.

Table 5.1 shows the average results obtained in the 3 tensile tests of every alloy and of

their corresponding unreinforced Al Si9 Cu3 alloy.

Experimental data
: 0.2% 0.1% of | 0.17% of
TENSILE PROPERTIES AT 20°C State Agi;? Sl_?é?;/‘i’Bz commercial | gamma | alpha
TiB. AlLO; | Al,O;
UTS (20°C) (MPa) As Cast 277 201 304 297 296
YS (20°C) (MPa) As Cast 132 128 130 128 123
Elongation % (20°C) As Cast 5,6 6,8 7,1 5,2 51
TENSILE PROPERTIES AT 200°C
UTS (200°C) (MPa) As Cast 166 169 173 167 161
YS (200°C) (Mpa) As Cast 123 124 128 125 121
Elongation % (20°C) As Cast 4,0 4,0 55 6,0 4,0

Table 5.1: Tensile properties of the unreinforced a  nd reinforced alloys at room

temperature and 200°C.

The first property to compare is the UTS at room temperature, which gives us the
maximum value of stress that a part can support without the necking effect on the test
bar (See Fig. 5.1.). It's very important for brittle materials, as a design value. In our
case, we can observe an increase in the UTS of all the reinforced materials, which
corresponds with the results of the literature review. This increase is high (About a 7%)
in comparison with the small quantity of reinforcement particles (0.2 wt.%) if we look in
the Fig. 5.1. the media it's quite similar for both reinforcement materials. In our case, it
can be related with the dispersion of the nano-particles in the matrix, the small SDAS of
dendrites and the decrease of the porosity.
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We resume the variation in UTS properties as:

+ A general increase in the UTS of about a 7% by a 0.2% of reinforcement with
TiB, and Al,Os.

+ For an equivalent volume fraction of reinforcement the commercial TiB, has a
better behavior than SHS-TiB,, with double percentage of increase in UTS
(+4.9% for SHS-TiB, and +9.5% in commercial TiB,).

+ For equivalent volume fraction of reinforcement of Al,Os, the values are very
similar, and there is not a variation because of the type of Al,Os.

310

305 4 +9.5%

300 +7.0% +6.7%
s igi +4.9%
s | Variation in UTS
< 285 )
& 280 . DAl Si9 Cu3
o)

275

270

265 A

260 T T T T

Al Si9 Cu3 0.2% SHS-TiB2 0.2% commercial 0.1% of gamma 0.17% of alfa AI203
TiB2 Al203

Fig. 5.1: UTS at room temperature for reinforced an  d base Al Si9 Cu alloys.

The YS gives us the stress at which plastic deformation becomes noticeable. This
value is employed in the design of parts were permanent plastic deformations are not
allowed. YS tends to decrease as we increase the reinforcement, as we can see in Fig.
5.2. This is not a common behavior if we compare with the literature review, which
shows as we have seen before that YS increases it value with the reinforcing elements.
The explanation could be attributed to the agglomeration of reinforcement particles. We
resume the variation in YS properties as:

+ For equivalent volume fraction of reinforcement (0.2% TiB2 and 0.17% AI203)
decrease is much pronounced for the AlI203 reinforcement type (Aprox. 2 times
higher).

+« For an equivalent volume fraction of reinforcement the commercial TiB, has a
better behavior than SHS-TiB,, with one half the decrease in YS (-3.0% for
SHS-TiB, and -1.5% in commercial TiB,).

+ In the case of the Al,O; reinforced alloys, the increase in the percentage of
reinforcement of a 70% corresponds with a decrease in YS, that it's two times
smaller in comparison (-3.4% in y-Al,O3z and -7.2% in a-Al,O3).
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Al Si9 Cu3 0.2% SHS-TiB2 0.2% commercial 0.1% of gamma 0.17% of alfa AI203
TiB2 Al203

Fig. 5.2: YS at room temperature for reinforced and base Al Si9 Cu alloys.

The Elongation is the permanent deformation observed in the test bars after the essay.
In this case the TiB, reinforced alloys shows an important increase in the elongation
value, as we observe in Fig. 5.3. We know that TiB, particles have a very important
refining effect with a reduction in the SDAS grain size, which can permit the increase of
the elongation value. The reduction of porosity in both cases has a positive effect. In
the case of the Al,Oj3, the global elongation value decreases. The explanation could be
an agglomeration of Al,O3; nano-particles in the aluminium grains, as seen on Fig. 4.21.
We resume the variation in Elongation properties as:

+ TiB, reinforced alloys have an increase in the elongation (+20.4% with SHS and
25.7% with commercial TiB,). It may be related with the best solidification
curves in the nucleation zone, especially with commercial TiB,, and also with
the smallest SDAS in the commercial TiB, sample.

+ Al,O; reinforced materials have a decrease in the elongation in comparison with
the base alloy (-8% in gamma and -9.7% in alfa Al,Os3).

+ In TiB, and Al,O; reinforced materials, values are very similar for the two
reinforcement types.

+ Elongation remains similar for the two different reinforcement volumes in the
case of Al,Os.

+20.4% +25.7%

| Elongation Variation
@ Al Si9 Cu3

Elongation
%
o N W BN (o2 | @
- L

Al Si9 Cu3 0.2% SHS-TiB2 0.2% commercial 0.1% of gamma  0.17% of alfa Al203
TiB2 Al203

Fig. 5.3 Elongation at room temperature for reinfor ~ ced and base Al Si9 Cu alloys.
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All the samples were cast in the same conditions and the average of the valid values of
four tensile tests were obtained for each of the data presented. The main conclusions
are:

+ Ultimate Tensile Strength (UTS) at 20°C is increased by the nano-reinforcement
addition.

+ Yield Strength (YS) at 20°C decreases by the reinforcement addition. The
decrease is more pronounced in the Al,O3; reinforced materials.

+ Elongation at 20°C is increased by TiB, nano-reinforcements and decrease with
the Al,O; reinforced materials.

5.2.2 Mechanical properties at 200°C

The samples were also tested at 200°C. We can observe in Table 5.1 and 5.4. that the
addition of nanoparticles increases the UTS. However, this effect is much less
pronounced then for the same samples tested at room temperatures. Also 0.17 wt.% of
alpha Al,O3; has a lower value than base material. TiB, reinforced materials have a
higher value, but tendency show that increasing the temperature the UTS values tend
to be more similar to the Al Si9 Cu3 base. As we increase the temperature, we may
start the recovery process, with changes in the internal structure in order to decrease
the energy of the system, promoting a decrease in the number of grain boundaries.
However a decrease in dislocations number and also a coarsening of precipitates in
the reinforced material may be also developed, with a therefore negative effect in UTS.
In the case of 0.17% of AlL,O;, we have observed a strange behaviour in the
solidification curve, and may have more agglomerates and not as well dispersed Al,O3
particles. Also as we’ll see in point 5.2.3. fracture analysis, an oxide is observed in the
fracture area, which could reduce the UTS value of the essay. We resume the variation
in UTS properties as:

+ A general increase in the UTS of about a 3% by a 0.2% of reinforcement with
TiB, and little or negative values in comparison with base alloy for the Al,O3
reinforced alloys.

+« For an equivalent volume fraction of reinforcement the commercial TiB, has a
better behavior than SHS-TiB,, with double percentage of increase in UTS
(+1.8% for SHS-TiB, and +4.2% in commercial TiB,).

+ For the reinforcement with Al,Os, the values are better for a 0.1% of y- Al,O;
than for a- Al,O3 (+0.6% for y - Al,O3 and -3% for a- Al,O53).
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Fig. 5.4: UTS at 200°C for reinforced and base Al S i9 Cu alloys.

In the case of the YS at 200°C, we can observe in the Fig. 5.5 an increase of the value,
which we can explain by changes in the internal structure in order to decrease the
energy of the system, promoting a decrease in the number of grain boundaries.
However the increase of temperature permits more movements and the appearance of
plasticity, and YS is reduced by this action. In the case of 0.17% of Al,Os, we have
observed a strange behaviour in the solidification curve, and may have more
agglomerates and not as well dispersed Al,O3 particles. Also as we said before, we'll
see in point 5.2.3 fracture analysis that an oxide is observed in the fracture area, which
could reduce the YS value of the essay. The general behaviour is very similar to the
tendency on UTS. We resume the variation in YS properties as:

+ A general increase in the YS of about a 2.5% by a 0.2% of reinforcement with
TiB, and little or negative values in comparison with base alloy for the Al,O;
reinforced alloys.

+ For an equivalent volume fraction of reinforcement the commercial TiB, has a
better behavior than SHS-TiB,, with 3 times the percentage of increase in YS
(+0.8% for SHS-TiB, and +4.1% in commercial TiB;).

+ For the reinforcement with Al,Os, the values are better for a 0.1% of y- Al,O;
than for a- Al,O3 (+1.6% for y - Al,O3 and -1.6% for a- Al,Os3).

130
4,1%

128
126 0.8% . 1,6%

,070 -1,6%
1247 I -

@ Variation of YS
122 ]
DAl Si9 Cu3

120 A
118 A
116
114

(MPa)

YS

Al Si9 Cu3 0.2% SHS-TiB2 0.2% commercial 0.1% of gamma 0.17% of alfa Al203
TiB2 AI203

Fig. 5.5: YS at 200°C for reinforced and base Al Si 9 Cu alloys.
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In the case of the Elongation at 200°C, we can observe in Table 5.6 how the values
remains the same or better than the sample, but there is an increment in the Al,O;
alloys in comparison with the results at room temperature. In this case the change in
the properties can be explained by the reduction of the total energy of the system, the
grain boundaries total area reduction, the decrease in porosity. Also the presence of a
ductile phase of Cu between the Si and Aluminium dendrites could improve the
ductility. The difference between 0.2% SHS and 0.2% commercial TiB, reinforced
alloys can be explained by the higher porosity in the first one, that we can also detect
by the lower density and the presence of porosity in the tensile test bar.

+ Elongation values are smaller at 200°C than at room temperature, except for
gamma Al,O3. The increase in the volume of the trapped porosity decreases the
fracture area, and could decrease also the elongation.

7
37,5% 50%
6
5
c
2 4 m Elongation Variation
g i
S 3 o Al Si9 Cu3
o
w
2
1
0 T T T T
Al Si9 Cu3 0.2% SHS-TiB2 0.2% commercial 0.1% ofgamma  0.17% of alfa Al203
TiB2 Al203

Fig. 5.6 Elongation at 200°C for reinforced and bas e Al Si9 Cu alloys.

The main conclusions are:

+ Ultimate Tensile Strength (UTS) at 200°C is increased by the TiB, nano-
reinforcement addition.

+ Yield Strength (YS) at 200°C is increased by the TiB, nano-reinforcement
addition.

+ Elongation at 200°C is increased in some concentrations and remains stable by
TiB, and Al,O; reinforced materials.

5.2.2. Measurement of physical properties

Physical properties of the materials have a direct influence in their eventual mechanical
properties. Therefore the measurement of density and porosity was carried out in order
to draw data to complete the analysis of the mechanical properties obtained. The
obtained values are resumed in Table 5.2.:

Page 134 of 153




Influence of Alumina (Al,O3) and Titanium Diboride (TiB,) nanoparticles on the microstructure

and properties of Al-Si9 Cu3 alloys for high pressure die casting applications.

CHAPTER 5: MECHANICAL PROPERTIES

S (Suspended D (Dr B = bulk Theoretical Porosit
Reference mass into water Mmass )r/) V =D-S |density (g/cc) density (%) y
gr.) ar. = DIV (g/cc) .
Al Si9 Cu3 Sample 1.55 2.62 1.07 2.49 2.84 12.3%
0.2wt.% SHS-TIB; 1.73 2.87 1.14 253 2.86 11.6%
0.2wt.% Commercial TiB, 1.44 2.30 0.86 2.67 2.86 6.6%
0.1 wt.% of y Al,O3 1.24 1.96 0.72 2.73 2.86 4.6%
0.17 wt.% of a Al,O3 2.29 3.62 1.33 2.71 2.86 5.0%

Table 5.2: Density for reinforced and base Al Si9 C  u alloys.

Porosity decrease with the addition of ceramic nanopatrticles. Al,O3; has a greater effect
in porosity diminution than TiB, particles, but in both cases the total porosity is
decreased by adding ceramic particles. The measures are in good relation with the
observed less porosity in reinforced samples in the microscopy examination.

5.2.3 Fracture analysis

Fracture analysis of specimens of samples in each of the conditions studied in the work
was determined with the optical microscopy. The main objective was the determination
of the differences between the reinforced and non reinforced sample.

In metals brittle fractures are very dangerous and engineers try to avoid the use of
brittle aluminium alloys, employing ductile alloys. Brittle fractures are characterized by
a bright and granular flat cracking area, with near no plastic deformation. In the case of
ductile fractures, a plastic deformation is observed, with a fibrous aspect and it can
content also flat or shear face areas. The color is not so bright, having a grey color.

5.2.3.1Fracture analysis of the Al Si9 Cu3 and Al Si9 Cu3 SHS-TiB, tensile

specimens

Base alloy sample:

Large porous are observed in Fig. 5.7. due to the increase of porosity volume (As see
in page. 12) by the test temperature in the 200°C tensile sample, and in comparison
with the reinforced alloys his much higher, as we detect in the density essay and in the
microstructure observation. Some little oxides (Defects) also are detected. Fracture is
ductile in all the samples.
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Porosity
Cluster of
Fine oxides
20°C Tensile essay sample 200°C Tensile essay sample
Figure 5.7: Fracture analysis of base alloy
0.2% SHS TiB»
The fracture analysis of the reinforced TiB, alloys has a very similar behaviour. Only
little porosity in the 200 °C test bar is observed in Fig.5.8., due to the liberation of same
of the gas porosity by the temperature. Some little oxides at 20 °C are also detected.
Fracture is ductile in all the samples. No porosity or oxides are observed in the
samples. Fracture is ductile in all the samples. This material has the better results in all
the mechanical properties, and we can deduce that the internal soundness of the test
bars has influence in the final mechanical properties, because it has the fewer defects
in the fracture structure.
Little oxide
Little
Porosity

20°C Tensile essay sample

.o 3
200°C Tenslleiessay'sample

Figure 5.8: Fracture analysis of 0.02% SHS TiB , reinforced alloy
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0.1% Al,O; gamma alumina:

The fracture analysis of the reinforced Al,O; alloys has also a very similar behaviour.
Only little porosity is observed in Fig 5.9. due to the liberation of same of the gas
porosity by the temperature in the 200 °C test bar. A big cluster of oxides also is
detected. The clusters of oxides are brittle and they act as a defect and as starting
point for the fracture. This is the reason why we should try to have good nano-oxide
dispersion, avoiding oxide clustering. Fracture is ductile in all the samples.

Cluster of
Oxides

Porosity

20°C Tensile essay

Figure 5.9: Fracture analysis of 0.1% Al ,0; gamma alumina reinforced alloy
5.2.4 Analysis of the experimental results

In order to determinate the tensile properties of the reinforced materials at room
temperature and high temperature (200°C) test were carry out, including internal
porosity determination and fracture analysis, in order to complement the test developed
and studied in the chapter 4.

It's remarkable that with a very little quantity of reinforcement, the mechanical
properties have a great variation. At room temperature there is an increase of UTS of
about a media of 7% by the reinforcement addition. That is directly related with the
decrease in the SDAS decrease in the reinforced alloys. But in the other hand, as it
occurs in MMCs, the YS is reduced. This reduction is much more important in the case
of Al,Oz, with an average reduction of a 5%.

In the case of Elongation, the TiB, has a very beneficial impact of more than a 20%,
related with the better nucleation solidification curve. In the case of Al,O5 reinforced
alloys, Elongation is reduced in a 9%.
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At high temperatures (200°C), in the case of 0.17 wt.% of a- Al,O; we can observe a
same oxide spots in the fracture area, that it can promote a slight decrease in the
mechanical properties.

We observe an increase of UTS, especially for TiB, reinforced particles, of about a 3
%. The presence of the ceramic particles dispersed in the matrix and the nucleating
effect can explain the increment of UTS.

We observe an increase of YS, especially for TiB, reinforced particles, of about a 2.5
%. The presence of a bigger porosity in the test sample is produced by the increase of
temperature, which promotes an increment in porosity average diameter. As the no
reinforced alloy has a bigger porosity, it's the more influenced, decreasing its YS.

Elongation in all the reinforced alloys is equal or superior to base alloy. This could be
explained by the presence of very small ceramic particles that reduce the recovery of
the material at high temperatures and stabilize porosity, and as porosity is higher in the
base alloy, the elongation should decrease in comparison with the rest of alloys.

With density measures we can check how the observations made in the metallurgical
analyze match well with the essays. It's very remarkable how very fine ceramic
particles decrease porosity. Al,O3 particles has a lower porosity than TiB, particles, and
in our case they are also the particles with the smallest size. In the case of y-alumina,
the porosity is lower, corresponding with a smaller particle diameter (15 nm), in
comparison with a-alumina of 40 nm.

In all the studied fracture test bars the fracture is ductile. In same cases porosity and
oxides are detected. Big porosity is detected in the unreinforced alloy, which
correspond to the alloy with the higher porosity. In same cases, the obtained values
can be directly influenced by the internal sanity. Internal defects as oxides are difficult
to relate directly with the alloy, but is more sense to relation them with the process
parameters.

5.2.4 Modeling of the mechanical properties

In order to determinate the mechanical properties in function of the composition of the
alloy, experimental formulas has been obtained by the equip of Makhalouf, Apelian and
Wang [Mac 98], employing an experiment design employing an L16 and a modified L8
Taguchi orthogonal array in the limits of concentration of the allowing elements:

Yield Strength:

P1=(9.81 + 0.49 Si + 1.44 Cu + 1.48 Fe +13.07 Mg + 1.01 Mn + 1.45 Ni + 3.84 Cr +
0.34Zn +5.81 Ti + 12.72 Sr)x6.89512.
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Ultimate Tensile Strength:

P2= (44.93 - 0.46 Si + 0.67 Cu - 0.18 Fe + 0.76 Mg - 0.13 Mn + 0.23 Ni + 0.16 Cr +

0.32Zn + 0.20 Ti + 0.35 Sr)x6.89512.

Elongation:

P3 =(10.62 - 0.61 Si- 0.50 Cu - 0.46 Fe - 0.57 Mg - 0.21 Mn -0.07 Ni + 0.06 Cr + 0.25

Zn +0.08 Ti + 0.07 Sr)x6.89512.

In Table 5.3 we can observe the variation of mechanical properties with the

temperature and the compositions as cast:

Experimental data

TENSILE PROPERTIES AT 20°C | Al Si9 Cu3 O'Z(ﬁ’iBSZHS' B2 °$"’2Ter°'a' 0-1A°f2’ 8; v 0(-3(1/\7";"0‘3"‘
UTS (20°C) (MPa) 277 291 304 297 296
UTS (20°C) (MPa) NADCA formule 292 292 292 292 292
YS (20°C) (MPa) 132 128 130 128 123
YS (20°C) (MPa) NADCA formule 133 134 133 131 132
Elongation % (20°C) 5,65 6,8 7,1 5.2 5,1
Elongation % (20°C) NADCA formule 4,28 4,26 4,33 4,35 4,36

Table 5.3: Comparison of properties obtained with N ADCA formula and
experimental essays [Mak 98]

We can observe that there is a little difference in the UTS and YS values, but there is
much more variation with the elongation. However, the formula can not determinate the
property variation due to the nano-reinforcement addition. We can modify the formulas,
with adjusting coefficients in order to predict (from and industrial point of view in a very

simplify way) the mechanical properties by the addition of the ceramic particles:

Yield Strength:

P1= (9.81 + 0.49 Si + 1.44 Cu + 1.48 Fe +13.07 Mg + 1.01 Mn + 1.45 Ni + 3.84 Cr +
0.34 Zn + 5.81 Ti + 12.72 Sr)x6.89512 + 5

Ultimate Tensile Strength:

P2= (44.93 - 0.46 Si + 0.67 Cu - 0.18 Fe + 0.76 Mg - 0.13 Mn + 0.23 Ni + 0.16 Cr +
0.32Zn +0.20 Ti + 0.35 Sr)x6.89512 — 5.2

Elongation:

P3 =(10.62 - 0.61 Si - 0.50 Cu - 0.46 Fe - 0.57 Mg - 0.21 Mn -0.07 Ni + 0.06 Cr + 0.25
Zn +0.08 Ti + 0.07 Sr)x6.89512 +2.6 (For TiB ,) or +0.8 (For Al ,053)
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5.3 Conclusions

The mechanical properties of Al,O3; and TiB, particles reinforced aluminium alloys with
have been determinate and compared with the unreinforced Al Si9 Cu3 alloy. The
influence of ceramic particles has been also analyzed; porosity levels and grain sizes
and morphology have been determinate to explain the main strengthening mechanisms
involved. The principal conclusions of mechanical properties analysis of reinforced
aluminium are:

1)

2)

3)

4)

5)

6)

7)

The presence of very small percentages of Al,O; and TiB, particles in the
reinforced alloys can improve mechanical properties at room temperature. UTS
is increased by the ceramic addition, but in the other hand the YS is decreased,
but less in %.

TiB, particles increase in a very important way the Elongation, but Al,O3
particles has a negative effect on Elongation at room temperature.

At high temperatures the addition of ceramic nano-particles increase
mechanical properties, but specially Elongation. The increase in UTS is less
important in percentage that at room temperature.

Porosity quantity decrease and micro shrinkages are smaller due to the
presence of ceramic particles. This effect is stronger with particles than TiB,
particles, but in both cases the tendency is to decrease the internal porosity.

The increase in ductility with the AlLO; and specially with TiB, particles is
derived from the positive effect of SDAS reduction, very fine B-iron needles,
very fine eutectic and fine precipitates, the smaller and less porosity, but also
with a negative effect due to the non rounded shape of same of the milled
particles, that can act as stress concentration points. However, the total effect is
positive.

The Al,O3 and TiB; reinforced alloys have a ductile fracture. In the case of TiB,
particles it can be related to the effect of nucleation sites for the precipitation of
silicon and Al,Cu phases, and also the decrease of solute available for the
precipitation of brittle precipitates. This is observed in the metallographic
analysis with the fine precipitates and phases.

The main strengthening mechanisms are in relation with the decrease of
porosity and the grain refining effect of the Al,O; and TiB, patrticles.

The improvement of mechanical properties takes place in both room
temperature and high temperatures . Elongation increase can have a very
important interest in industry, in order to design new parts with higher requirements,
and also high temperature applications.
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6.1 Conclusions

6.1.1

Introduction

The present work has been focused on studying the influence of nano- Al,O; and TiB,
particles on the solidification pattern, microstructure features, tensile and thermal
properties of the Al-Si9 Cu3 alloys. Samples of reinforced materials have been cast by
high pressure die casting in the same conditions than the unreinforced AI-Si9 Cu3
alloy. Following the main conclusions on the effect of AlL,O; and TiB, particles are

summarized:
6.1.2 Influence of Al ,03/ TiB, nhano-particles on microstructure

1) Al,O3; and TiB, particles influence aluminium grains nucleation, eutectic reaction
and intermetallic precipitations. The nucleation temperature is increased, as the
recalescence temperature. This effect is related to the incorporation of ceramic
particles as heterogeneous nuclei.

2) TiB, has more influence in the nucleation than Al,O; particles. This is related to
the employ of TiB, in commercial grain refiners as main refiner. Also TiB,
particles are related as the most effectives for Aluminium grain refining.

3) The influence of the particles should have a positive influence on the
mechanical properties of the reinforced alloys since it decrease the
undercooling, promoting a better nucleation.

4) The employ of ceramic nano-particles reduce the porosity quantity and size. It's
more remarkable in the case of Al,O3 than in TiB, particles.

5) Acicular oriented very fine dendrites are promoted by the nano-particle addition.
The SDAS is smaller in the reinforced alloys and also the SDAS decrease in the
center of the samples.

6) Al,O3; and TiB, particles modify the structure, with smaller detrimental (-iron
needles.

7) Very fine eutectic structures are detected in the center of the reinforced alloys,
especially with TiB, reinforced alloys.

8) The SEM analysis shows that Al,O3 particles acts as nucleating points, with

agglomerate particles of about 0,5-1 micron.
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9)

6.1.3

Electrical conductivity decreases by adding few quantities of ceramic particles
and is quite similar in the center and periphery of reinforced alloys and a
relation between SDAS and IACS has been observed.

Influence of Al ,03/ TiB, nano-particles on the mechanical properties

The principal conclusions of mechanical properties analysis of reinforced aluminium

are:

1)

2)

3)

4)

5)

6)

7)

The presence of very small percentages of Al,O; and TiB, particles in the
reinforced alloys can improve mechanical properties at room temperature. UTS
is increase by the ceramic addition, but in the other hand the YS is decreased.

TiB, particles increase in a very important way the Elongation at room
temperature, but AlL,O; particles has a negative effect on Elongation at room
temperature.

At high temperatures (200 °C) the addition of ceramic nano-particles increase
mechanical properties. The increase in UTS and YS are less important in
percentage that at room temperature.

Porosity and micro shrinkages are smaller and lower due to the presence of
ceramic particles. This effect is stronger with particles than TiB, particles, but in
both cases the tendency is to decrease the internal porosity.

The increase in ductility with the AlLO; and specially with TiB, particles is
derived from the positive effect of SDAS reduction, very fine B-iron needles,
very fine eutectic and fine precipitates, the smaller and less porosity, but also
with a negative effect due to the non rounded shape of same of the milled
particles, that can act as stress concentration points. However, the total effect is
positive.

The Al,O3; and TiB, particles have a ductile fracture of the aluminium. In the
case of TiB, particles it can be related to the effect of nucleation sites for the
precipitation of silicon and AlL,Cu phases, and also the decrease of solute
available for the precipitation of brittle precipitates. This is observed in the
metallographic analysis with the fine precipitates and phases and in the TEM
with the Cu in the interstices of silicon and aluminium dendrites.

The main strengthening mechanisms are in relation with the decrease of
porosity and the grain refining effect of the Al,O; and TiB, particles.
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It has been demonstrated that the Al,O; and TiB, nano-particles have a direct
influence on several important features of the allo  ys such as the microstructure,
precipitating of phases during solidification, mech anical properties, decrease of
the amount of defects and change of electrical and thermal properties. Al ,03; and
TiB, particles can be used to improve properties of cas  ting alloys, and be very
useful in the case of high mechanical and thermal requirements, also at high
temperatures (200°C).

They are also some processing conclusions that may have industrial interest:

1. A process to generate TiB, particles from commercial (gross) Ti and B has been
developed employing the SHS process and by wet high energy ball milling. Also
SHS reactions without reactor and the substitution of same of the raw material
for cheaper salt based material can provide a cheap reinforcement material.

2. A process to introduce ceramic nano-particles in the liquid aluminium at relative
low temperature and dissolution time.

3. Very small quantities of In-situ or Ex-situ impurities modify the solidification
curves. That could explain the difficulties to automate the DTA’s applications for
Al Si9 Cu3 alloys. True DSC should be a better way to study the reinforced
alloys.

4. There is a direct relation between the internal soundness of parts and the
obtained mechanical properties. The effect of specially Al,O; on reducing the
internal porosity provides a good way to increase the mechanical properties.

6.2 Future directions

It has been shown that addition of Al,O; and TiB, nano-particles to aluminium Al Si9
Cu3 alloy has a direct effect on some important properties such as microstructure,
mechanical and thermal properties. The reinforcement percentages employed in the
project are quite small, giving good results. Industrial processing of nano-particle and
introduction in the alloy must be improved.
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In order to advance in the use of nano-particles reinforced AI-Si9 Cu3 alloy for
industrial applications same important aspects should be studied:

* Industrialization of SHS and milling process. The process must be robust
and secure, without nano-particle emissions or explosion risk. Particle measure
must be stable. Cheaper commercial materials must be investigated in order to
decrease ceramic particle prices.

* Optimization of particle composition, size and sh ape._The particles must
have the more adequate form and size in order to obtain the better results with
the smallest material consume. Special care must be focus in particle
degglomeration, in order to avoid losses of activity.

* Study of the behavior of the nano-particles in ot her alloys. The present
study has been developed with the AI-Si9 Cu alloy, but they are similar
composition alloys that can have a very similar behavior. Also pure alloys can
be tested, in order to change the grain refiners by nano-particles and to
increase properties. In this case, the action of the thermal treatments should be
studied over the nano-particles and properties.

* Study of cheap nano-particles compositions. There many industrial sub
products that they can be employed as nano-reinforcements for aluminium, as
filter dusts, fly ashes and aluminium recycling wastes. Some of them have
contaminants, but with a proper cleaning and preparation of raw materials it
could be possible to decrease AMC’s prices.

* Use of different compaction and densification sys tems. If the nano-
particles are embedded in a good distribution in a very dense (No porous)
matrix, nano-particles have a bigger recovery. In that way processes as HIP,
SPS or other should be more investigated.

* Understanding of the hardening mechanism . In order to improve the
properties of AMC with nano-powders, in relation with the powder size and the
distribution in the matrix, with the aim of optimize the process.

* Detection of TiB , particles . In order to detect TiB, particles, new preparing
and observing methods can be employed.
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